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- (\ii" / ABSTRACT

-> The external nucleate pool-boiling heat-transfer coeffi-
cient of a horizontal smooth copper tube in R-114-0il
nixtures (O to 10 percent oil) was measured for heat fluxes
from 1 to 100 k¥/m? at two different saturation temperatures
(-2.2 9C and 6.7 °C). A copper-nickel tube coated with the
Union Carbide hﬂigh Flux” coating was similarly tested. The
High Flux coating was found to improve the heat-transfer
coefficient by at least a factor of 7 in oil-free R-114. 0il
resuited in about a 20 percent reduction of ‘the heat-
transfer coefficient 6f the High Flux surface at heat fluxes
less than 30 kW/m2 and up to an 80 percent reduction at heat
fluxes above 30 kﬂ?BE with greater than 6 percent oil.
Under all conditions, the High Flux coated tube outperformed
the smooth copper tube. [« -/ 4 e o= Toon Tl
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A. BACKGROUND

.‘u ., 0

A
b
»
b

The U.S. Navy currently uses refrigerant R-114 in
centrifugal chilled-water air-conditioning plants atoard
submarines and surface ships. The Navy hopes to reduce the
size of these units and increase their performance by using

enhanced evaporator and condenser surfaces. An experiment

ol Ly Arai et al. [Ref. 1] produced a prototype 200-Ton EK-12
centrifugal water chiller that was 28 percent shorter ir
length and had a 50-70 percent improvement in the overall
heat-transfer coefficient by employing the enhanced surface
"Thermoexcel E" made by the Hitachi Company. Comparisons of
various enhanced commercial tubes by Yilmaz and Westwater
[Ref. 2], Marto and lepere [Ref. 3], and Carnavos [Ref. 4]
for various refrigerants other than R-114 indicated that a
porous-coating-enhanced surface, such as Union <Carbide's
"High Flux,"™ will exhibit the best boiling heat-transfer
performance in a pure refrigerant.

The High Flux surface (see Figure 1.1) consists of a ;
sintered metallic matrix bonded to a metallic substrate.
The surface is produced by coating a smooth tube with a
binder-solvent mixture and then applying a mixture of metal
and braze alloy powder; the tube 1is placed in a furnace to
evaporate the solvent, binder, and melt braze alloy thus
forming a porous structure having multiple reentrant cavi-
ties to enhance nucleation. [Ref. 5]

Since the High Flux surface will be emgployed in a
refrigeration unit using an oil-lubricated, hermetically-
sealed, compressor, some amount of oil is always present in
the evaporator. Studies by Henrici and Hesse [Ref. 6] for

10
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Figure 1.1. Schematic and Scanning Electron Micrograph
(500x) of High Flux Surface.
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smooth tubes and Stephan [Ref. 7] for the Gewa-T surface
(nanufactured by the Wieland Company) in K-114-0il mixtures
indicate that the heat-transfer .coefficient of enhanced
surfaces can be significantly altered by oil.

Experimental data showing the effect of o0il concentra-
tion on the heat-transfer coefficient of the High Flux ;\
surface in R-114 are lacking, thus motivating the present
investigation. This investigation was funded by the David
¥. Taylor Naval Ship Research and Development Center.
Details of the experimental apparatus are described by
KRarasabun [Ref. 8). The smooth copper tubes were supgplied
by the Wieland Company. The High Flux coated copper-nickel
tubes were supplied by the Union Carbide Corporation.

B. THESIS OBJECTIVES

The objectives of this thesis are:

1. Take boiling data om a smooth tube in R-114 with and :
without o0il for comparison with the data of other :;
researchers, and to provide baseline data for evalu-
ating the boiling performance of the High Flux tube. -

2. Take boiling data om a High Flux tube for various oil Zﬁf

concentrations {0 to 10 percent by mass). ;ﬁ

3. Study the effect of saturation temperature on the
R-114 boiling lehavior.

4. Attempt to sample oil locally in the near vicinity of
a tube to 1investigate the possibility of an oil
concentration gradient around the tube during T
operation. -

12
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II. BEVIEN OF REFRIGERANT-OIL MIXTURE BEHAVIOR LR

2 A S T e — . .

A. NUCLEATE BOILING OF REFRIGERANT-OIL MIXTURES FROM SMOOTH R
TUBES o

In 1963, Stephan [Ref. 9] published a milestone paper on ) p
the influence of o0il on the boiling heat transfer of R-12. S
The effects he noted have been observed in most refrige-
rants, including R-114. In 1972, Henrici and Hesse [Ref. 6] 3
updated Stephan's work for R-114-o0il mixtures boiling from a roo
smooth copper tube. Figures 2.1 and 2.2 summarize Hearici "ﬁl
and Hesse's results. Figure 2.1 shows that oil gererally
lowers the heat~-transfer coefficient, and that at high heat

Ty

fluxes and high oil concentrations (10 percent), the efiect
grows more pronounced (slope decreases). Figure 2.2 shows
that at some oil/heat flux combinations, the heat-transfer
coefficient may actually be improved by the addition of oil.
Chongrungreong and Sauer [Ref. 10] suggest that the heat-
transfer behavior of refrigerant-oil amixtures can be attrib-
uted to 5 major factors: 1) the physical properties of the
refrigerant-oil mixture, 2) the saturation temperature (or

boiling pressure), 3) the tube diameter, 4) the surface ;::
condition of the tube (roughness), and 5) the hydrostatic L
liguid head above the tube. ?
1. Physical Properties f
Refrigerant-oil mixtures have significantly
different physical properties than pure refrigerants.
Jensen and Jackman [Ref. 11] report that density and o
specific heat behave ideally in refrigerant-oil mixtures, R;i
but that viscosity and surface tension do not. Ideal ﬁ:g
behavior of refrigerant-oil mixture density and specific Eﬁf

13 x'.‘:"
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heat does not mean linear Dbehavior. The governing egua-

tions are:

1 = C - 1 - (o (2.1)
Pm  Pos Pry
and
= (1 -¢
ch ¢ ) Cp!‘l +c Cpol (2.2)
where subscripts:
= density 1l = liguid
R C = oil concentration L = mixture
fﬁ Ccp = specific heat o = oil
- r = refrigerant

Jensen and Jackman report that current refrigerant-cil
;: mixture viscosity equations substantially underpredicted
their experimental data. No predictive equation has heen
sujgested for the surface tension of refrigerant-oil
mixtures, tiouyh Jensen and Jackman Jdeveloped a correlation
for §-113-0il mixtures.
. Henrici and Hesse [Ref. 6] experimentally determined
tLbe surface tension for the R-114-o0il aixtures that they
- used in thLeir 1971 experiment. As shown in Fijure 2.3, the
- surface tension of the mixture first Jdecreased up to anm oil
concentration of 2.5 percent, and then increased continu-
ously with increasing oil concentration. This type of non-
linear behavior makes explaining the change in heat-transfer

coefficient of refrigerant-oil mixtures, due to the changing

ﬁf physical properties of thLese wixtures, both difficult, and
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possibly non-general. The behavior of refrigerant-oil
mixtures is specific to the particular wmixture components,
n and may be dependent upon the kind of oil being used. Soae
qualitative consequences of adding oil to a refrigerant,
o - howvever, can be noted.
The most observable result of adding oil to refrige-
. rants is foaming. O0il concentrations above 1 percent result
= in significant amounts of foaming from nucleate boiling.
- The foam bubbles form because the R-i1u in the R-114-0il
- mixture is more volatile than o0il and vaporizes first,
Ei creating a gas bubble surrounded by an oil-rich layer (see
Figure 2.4%). Since the bubbles are coated with oil fila
with a higher surface tension than the bulk liquid and a
have lower density, they rise to the top of the ligquid.
Because of their surface tension, the bubbles builid up on
the liguid surface to produce a foam layer.

}i This £foaming action, which is @most pronounced
:* between 1-10 percent oil concentration [Ref. 6], may affect
ii the heat transfer of tube bundles significantly. For single

? tubes, it is the o0il concentration gradient which would seen _L
f to play the major role, since the foam rises away from the ?f
- tube surface and could only interact with the tube as it ~;{
| sweeps by it from the bottom to the top of the tube. :f:
The general decrease in the heat-transfer coeffi- EE

cient upon adding oil to pure refrigerants (recall Figure iﬁ

2.1) is subject to many explanationms. Thome [Ref. 18], in iﬁl

an extensive review of the literature, reports that the ;

first explanation for the decrease in the heat-transfer :T?

coefficient of mixtures was presented by Van Wijk et al. in :ﬁﬁ

1956. The effect was explained as being the result of the j&:

evaporation of the more-volatile components, leaving an i;ﬂ

oil-rich layer with a higher local boiling point, which E%ﬁ

increases the amount of superheat required to continue :5?

vaporization and bubble growth, thus reducing the EE;
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33 heat-transfer coefficient. Stephan and Preusser {Ref. 12]
: demonstrated conclusively that the work of formation of
] _ bubbles in a mixture is greater than in an equivalent pure
fluid. They concluded that the mixture heat-transfer coef-
ficient is lower than for the equivalent pure fluid because
_ of the resulting decrease in the bubble population. Any
Ii va;iation from a decreasing mixture heat-transfer coefficent
: (like Henrici and Hesse show in Figure 2.2) is attributed by
Stephan [Ref. 13] to the non-linear variation of the phys-
ical prorerties. Stephan profposes that the plot of surface
Ei tension (Figure 2.3), along withk thermal-prorerty varia-
’ tions, accounts for the anomalous rise in the heat-transfer
coefficient between 3-6 percent 0oil concentration.
‘ Chongrongeong and Sauer [Ref. 10] state that it is the rate
;' of heat diffusion, governed by the thermal properties of the
oil-rich layer, that limits the bubble growth and that the
surface-tension effects are neglible.
Thome [Ref. 14] proposes that all of the above
a factors, as well as the viscosity variation, are important
in explaining the rise in the heat-transfer coefficient for
some refrigerant-oil mixture and heat-flux combinationms.
' In summary, all researchers agree that the physical
ii and thermal properties of a refrigerant-oil mixture are
' important factors in explaining the heat-transfer tehavior
of mixtures.

2. Saturation Temperature S

It has long been noted that increased saturation

temperature (i.e., increased boiling pressure) increases the

. boiling heat-transfer coefficient of surfaces in
b_ refrigerant-oil mixtures. In 1963, Stephan [Ref. 9] found
o that at high 0il concentrations, the heat-transfer coeffi- Ny
cient of refrigerant-oil mixtures becomes constant with ;ﬁ-
respect to the saturation temperature. Stephan proposed jif

20
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that this is becahse the addition of oil to a refrigerant
introduces a large diffusion resistance, and that since the
velocity of diffusion is almost independent of temperature,
so should the heat-transfer coefficient Lecome independent
of temperature at high 0il concentration. Figure 2.5 shows
Henrici and Hesse's data on the effect of o0il and saturation
temperature in R-114. With no o0il, the effect of raising

the saturation temperature is seen to be a rise in the heat-

transfer coefficient. With oil, raising the saturation
temperature is seen to cause a slight drop in the hLeat-
transfer coefficient. This effect has not been explained
yet.

3. Tube Dianeter

Cornwell, Schuller, and Einarsson [Ref. 15] found
that for smooth tube diameters from 6 mm to 30 mm, the
nucleate pool boiling heat-transfer coefficient in pure
refrigerants falls with increasing diameter. The effect of

tube dianeter was correlated by:

Nu = C Re2/3 (2.3)
where
Re = qD
hfp W
Nu =E_E <)
K SRR
v 4
C = 150 for refrigerants L
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Since equation (2.3) depends on physical parameters, the
effect of oil could be significant. No known measurements

of the effect of tube diameter in refrigerant-oil mixtures —
have, as yet, been performed.

Several researchers [Ref. 16, 17, 18] have investi- _—
gated the effects of surface roughness on the heat transfer
of pure refrigerants. As surface roughness increases, the
heat-transfer coefficient was found to increase dJue to B
increased nucleation. Nishikawa [Ref. 18] reported tte o
effect of a variety of surface roughnesses in pure R-114
over a range of pressures from 0.294 MPa (42 psi) to
2.94 MPa (420 psi).

L S B

5. Hydrostatic Effect

The 1liguid cclumn above the boiling surface may
generate large static pressures which will increase the
boiling point. For R-114 at 0 °C (32 °F), a 0.3 m (1 £ft)
liguid head will raise the saturation temperatuce about 5 °C

!'-
4

v - |'.v' I': l. <
[T P ISE TN

o

{9 °F). In large ©pmachines, this amay be a significant ;J}
effect. However, for small experimental apparatuses, the :”
effect is negligible. aind

B. NUCLEATE BOILING OF REFRIGERANT-OIL MIXTORKES FRONM }ﬁf
ENBANCED SURFACES : ;i;ﬁfi
¥erLb [Ref. 19], in an extensive review of the evolution .

of enbanced surface geometries, notes that the atility of R

roughness to improve nucleate boiliny performance has been f

known for over 50 years. However, it was not urtil 1968 ;Qﬁ:

that the first commercial enchanced surface was patented ;f}

[Ref. 20]. Since then, the number of commercial enhanced R
surfaces has dramatically increased as the understanding of ﬁ5$

Aol

23




their design and operation hés growne. Of the many rpossible
methods for heat-transfer enhancenent, two areas are
currently being commercially developed: 1) fins and surfaces
with reentrant cavities, and 2) porous coatings.

1. ins and Surfaces with Reentrant Cavities

The ability of surface abrasion, open grooves, and
fins to improve the heat-transfer performance of a smooth
surface was first studied in the 1930's. The main diffi-
culty with wusing surface abrasion to improve the heat-
transfer performance is that fouling of the surface
eventually returns the performance to that of a non-abraded
surface. Studies in the 1950's and 1960's centered on fins.
Recent comparative studies fcr refrigerants by Carnavos
[Ref. 4] and Yilmaz and Westwater [Ref. 2] found that fins
and grooves result in a 50-100 percent permament improvement
in the heat-transfer performance compared to a smooth plain
tube in the same refrigerant. Webb [Ref. 19], in his liter-
ature review, descrites how researchers in the early 1560's
found methods to imprcve the performance of fins by creating
reentrant cavities on their surfaces. Reentrant cavities,
such as shown in Figure 2.6, act as very stable nucleation
sites and thereby enhance the heat-transfer perfcrmarnce.
For a cavity to function as a nucleation site anrd remain
active, even after the surface is subcooled, the mouth diam-
eter (D) must fall within a critical range. Also, the
cavity must have a reentrant shape with a maximum reentrant
angle (9). The optimum mouth diameter (D) and reentrant
angle (®) are functicns of the fluid properties.

The Gewa-T surface, patented in 1979 (marufactured
by the Wieland Company), and the Thermoexcel-E surface,
ratented in 1980 (manufactured by the Hitachi Company), are
two commercial surfaces which use modified fir shapes to
form the necessary reentrant cavities. TFigure 2.7 shows the
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(a) Schematic cross section of the Gewa-T surface

Pore

Tunnel
(b) Schematic view of the Thermoexcel-F surface

Figure 2.7 Surface Details of Gewa-T
Thermoexcel-E Reentrant Surfaces. and
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details of these tube surfaces. Carnavos [Ref. 4] found that
in pure R-11, the Gewa~T surface outperformed a plain tube
by 100-200 percent and the Thermoexcel-E surface outper-
formed a plain tube by 300-400 percent. Curves 1-5 of
Figure 2.8 show the relative improvement in the boiling
heat-transfer performance of R-11 that can be achieved by
using mechanically produced reentrant cavities. Work
continues to optimize these types of surfaces for the
various refrigerants in use commercially. Both tubes have
been tested in refrigerant-oil mixtures and did pot show a
significant decrease in performance [Ref. 1 and 7]. The
cost of these surfaces is not significantly higher than for
smooth [flain tubes, and the performance improvement is
dramatic.

2. Porous Coatings

The second major type of enhanced surface is the
porous boiling surface. Webb [Ref. 19] details the various
production improvements and coating variations that have
been made to the original 1968 patent by Milton of Union
Carbide. The key to the performance of the porous coatings
is their small reentrant cavities, which are interconnected
by substrate tunnels. The particles used to make the coat-
ings are wusually copper or aluminum. According +to ¥ebb,
researchers have <found that +the critical variable is the
pore size rather than the particle size. Large pores are
required for fluids with high surface tension and high
thermal conductivity. Small pores are optimum for fluids
with low surface tension and 1low thermal conductivity (like
refrigerants). Curve 6 of Figure 2.8 shows the relative
performance of the High Flux surface to finned tubes and
mechanically produced reentrant surfaces. Carnavos {Ref. 4]
found the High Flux surface to be 700-800 percent better
than a smooth tube in R-11. No known studies have been
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published on ‘ t'he rerformance of porous coatings in
refrigerant-oil mixtures. Some studies of the aeat-transfer
performance of porous coatings in pure R-114 and —
refrigerant-oil mixtures have been made by Onion Cartide, ‘
but their results are not found in the open literature.
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III. DESCRIPTION OF EXPERIMENTAL APPARATUS

d. OVERALL APPARATUS

An overall schematic of the experimental apparatus is
shown in Figure 3.1, and a photograph is shown in Figure
3.2. Karasabun [Ref. 8] describes the design, comstructicn,
and operation of the apparatus in detail.

The apparatus consists of two Pyrex-glass tees. Liguid
R-114 is boiled in glass tee (1) and is condensed in glass
tee (2). Gravity drains the condensate from the condenser
back to the boiling section. A water-ethylene-glycol
mixture at =17 °C (1 0P) 1is pumped through the condenser
cooling coil via a computer-controlled valve (VQ) to
condense the R-114 vapor. The sump (7) that supplies tae
water-ethylene-glycol mixture is cooled by a 1/2-Ton, ER-12
air-conditioning plant.

Valve VC controls the R-114 ligquid temperature and fres-
sure. Figure 3.3 is a photograph of valve VC and the

computer-controlled motor that operated VC. Opening VC
causes more R-114 to condense and lowers the system fres-
sure. Also, it returns more subcooled liguid to the boiling
secticn which lowers the bulk lijuid temperature. Since
data at many heat fluxes was desired for a constant tempera-
ture, it can be seen that changing the heat flux without
adjusting VC would change the system pressure and tempera-

ture. A computer-controlled valve was thought to bLe the
best way to rapidly return the system to the desired satura-
tion temperature following a heat flux change. Sections
ITII.E and IV.D describe in more detail the computer-
contrclled valve and the operation of the system with the
computer-controlled valve in use.
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0il was added to the liquid R-114 by draining it from a
glass o0il cylinder (5). The oil cylinder wvas refilled as
needed through valve V-2  'm the o0il reservoir (4).

Two cornfigurations of boiiing tubes were tested. Short
boiling tubes were tested to determine the correct assembly
procedure to obtain data on the normal 431.8 mm (17 in.)
long boiling tubes. The short tubes were cheaper to make,
thus wmore debugging atteapts could be made by testing then.
Section I1I.C describes the details of the coastruction of
the short and long test tubes.

B. OIL SAERPLING APPABRATUS

Following all data runs, an attempt was made to sample
the local oil concentration in the vicinity of a boiling
tube. Figure 3.4 shows the o0il sampling apparatus. BY
opening valves S-1, S-2, and $-4, the probe line could be
purged, trapping a sample inside a flexible silicon tube
that was 30.5 am (12 in.) long with a 3.16 mm (1/8 in.)
inside diameter using pinch clamps. By weighing the sample
tube and then boiling off the R-114 leaving behind the oil,
the mass percent of o0il in the R-114-0il mixture was deter-
mined. The mass fraction of o0il was calculated by:

Mass Fraction = EZ_:_EL_ (3.1)
: m2 - ml

where
m1 = mass of sample lirne
m2 = mass of sample line + R~-114 + oil
mn3 = mass of sample line + oil (after boiling off R-114)
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A Precisa Model B0 electronic mass balance was used to weigh
the samgples. The Precisa Model 80 |is accurate to
+ 0.0001 g.

C. BOILING TUBE CONSTIRUCTION

1. Short Tubes

Figure 3.5 shows the design of the short tubes. The
short tubes were 15.9 mm (5/8 in.) in outer diameter,
12.7 mm (1/2 in.) in inside diameter, and 203.2 mm (8 in.)
in length. The short tubes extended 152.4 mm (6 in.) into
the liquid R-114 from the left end flange. A 25.4 mm (1 in.)
long epoxy plug insulated the right end of the tube. A 1 mm
(0.04 in.) thick copper disk behind the epoxy plug was soft
soldered in place to act as a pressure barrier. The short
tubes were heated by a 500-Watt 240-Volt stainless-steel
cartridge heater. The heater was 6.35 mm (1/4 in.) in cuter
diameter and 101.6 ma (4 in.) in length.

The first short tube was made from thick-walled
copper tubing. This tube was solid oxygen-free, high
conductivity (OFHC) copper. Four 1.2 mm (3/64% in.) diameter
holes were drilled into the wall of this tube at a diazeter
of 12.7 mm (1/2 in.) for thermocouple channels. Since this
tube was solid, and had no sleeve interface, it did not have
an interface resistance. Conseguently, it was the reference
tube against which all other tubes were compared to deter-
mine the amount of contact resistance they had.

Six other short tubes were made. Five were made of
soft copper tubing and had sleeves inserted into the tulke as
indicated in Table 1. Soft soldering of the sleeves to the
tubes was determined to yield negligible contact resistance
by comparison with the solid tube. The last short tube (7)
was made of 90-10 «ccpper-nickel and was coated with High
Flux over the active 101.6 mm (4 in.) long section. This
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(a) Sectional view of short tube.
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(b) Thermocouple sleeve unwrapped (at section A-A) to show
the relative locations of the thermocouple channels e
(all dimensions in millimeters). :fj

(¢) Left-end view of the short tube.

Figure 3.5 Sectional Views of Short Boiling Tube. ﬁ;:
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tube tested the compatibility of the soft-solder-assembly
method with the copper-nickel tube and High Flux coating.
Section V.A describes the results of data taken on the short
tubes and the selection of the soft-solder method of
assembly for the long tubes.

TABLE 1
Summary of Short Tube Assembly HKethods

Tube Surface Remarks

1 Smooth Solid, thick-walled tube (reference)
2 Smooth Slide-fit (0.005 in. clearance

3 Smooth Slide-£fit (0.002 in. clearance

4 Smooth Press-£fit {0.004 in. interference

5 Smooth Press-fit (0.006 in. interference

6 Smooth Soft-soldered

7 High Flux Soft-soldered

2. 1long Tube

Figure 3.6 shows the design of the long boiling
tubes. These boiling tubes were 15.9 mm (5/8 in.) in outer
diameter, 12.7 mm (1/2 in.) in inside diamter and 431.3 mnm
(17 in.) 1in length. The center 203.2 mam (8 in.) was the
active test section. For the copper-nickel tube, the center
secticn was the only portion of the tube that was ccated
with High Flux. The remaining 114.3 mm (4.5 in.) on either
side c¢f the center section were smooth and unheated, and did
not nucleate under any heat flux or oil condition. Karasabun
[Bef. 8] describes how these end-surfaces were treated by
the data-reduction program as an extended fin froam the
center section and how their heat loss was accounted for.

The center section was heated by a 1000-wWatt
240-Volt stainless-steel cartidge heater. The heater was
6.35 mm (1/4 in.) in outer diameter and 203.2 mm (8 in.) in
length. The heater was surrounded by a copper sleeve with
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eight 1.3 am by 1.3 ma (0.050 in. by 0.050 in.) thermo-
couple channels in then. Figure 3.7 shows the details of
the channel layout. The thermocouple hot junctions were
welded to the sleeve. Appendix A describes the calibration
of the thermocouples. The channels were oriented to provide
both axial and circumferential readings of the tube inner

wvall temperature. The sleeve was soft soldered to the tube.
The data on the short soft-soldered tube closely matched the 4
reference solid-tube data, and the short soft-soldered-tute ffw
data matched similiarly with long tube data. The maximum <
circunferential wall temperature variation in the 1long
smooth tubes was 0.80 K (0.31 °F) at 50 kW/m2 compared to a
solid tule circumferential variation of 0.34 § (0.61 OF).
Secticn V.A describes in more detail the <circumferential
variation of temperature that resulted using the varicus
tube construction methods. Sope axial temperature variation N
was experienced in the long tubes, particularly the long
High Flux tube. Non-uniform heat generation from the -
cartridge heater is believed to be responsible for the axial .
temperature variation. Section V.B descibes in more detail T
the long tube axial temperature variation. 52?

D. DATA ACQUISITION AND REDUCTION

A Hewlett-Packard 34972 automatic data acquistion/ :
control unit was used to read thermocouple outputs and to i;%
read an analog signal representing the current and voltagje e
supplied to the cartridge heater. A Hewlett-Packard 98261
computer unit was used to control the HP-34972A and to
analyze and store the data.

Information was entered through the computer keyboard to
rrompt the HP-3497A to automatically scan each channel. 4ill
thermocouple measurements were accomplished by 0.245 nnm
diameter (30 gage) copper-constantan (type-T) thermocoufles.

—
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(a) View of the boiling tube thermocouple locations as seen P

from the front of the experimental apparatus,

Top
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(b) Thermocouple sleeve unwrapped (at section A-A) to show ;;i
the relative locations of the thermocouple channels ..

(all dimensions in millimeters).

LEFT-END VIEW RIGHT-END VIEW i

(c) End views of the boiling tube. g#:

Figure 3.7 1long Tube Thermocouple Channels 3
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A power sensing device, described by Karasabun [Ref. 8],
converted the AC current and voltage values supplied to the
cartridge heater to a 0-5 V analog, DC signal for scanning
by the HP-3497A. Table 2 lists the channel allocations in
the HP-3497aA.

Following data acquisition for each point, results wvere
computed according to the step-wise procedure outlined by
Karasabun [Ref. 8], and summarized in Appendix B. Appendix
B also includes a conmplete listing of the data-reduction
pcogram (DRP2).

TABLE 2
HP—-3497A Chamnel Allocations

Channel Purpose
25-32 Tube wall thermocouples élocation (N
to T(8) 1in long tube, T(5)-T(8) not
used in short tubes
33 Liguid R-114 thermocouple T (9)
34 Backup ligquid R-114 thermocouple T(10)
35 R-114 vapor thermocougle T(11f
36 Sumg thermocouple Ti1)
62 Cartridge heater voltage analog signal
63 Cartridge heater curreit analog signal

E. CCMPUTER-CONTROLLED VALVE

The computer-controlled valve (VC) was a Whitney,
screved lonnet, regulating valve with 3/8 in. Swagelok
fittings. The valve travel was 10.5 turns from full shut to
full open. The valve handle was replaced by a 101.6 am
(4 in.,) hard rubber disk (seen in Figure 3.3) which was
rotated by the motor pinion gear.

The computer-controlled motor was a General Electric
"Minigear Motor" with a speed of 105.7 rpm and a torgue of
3.39 N-m (30 lb-in). The motor direction was controlled by
tvo sets of Crydom solid-state relays that acted to open,
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shut, cr hold the motor depending on signals from the
computer. The computer controlled the amount of time that
the valve was moving. Approximately 3 seconds were reqhired
for the motor to turn the valve one turn.

The flow through the valve vwas checked by a flow meter
and verified to be afpproximately linear (1 turn = 10 percent
flow) for the flows most often used. The valve position was
tracked ty a 10-turn rotentiometer, which was connected to
the computer-controlled motor by another 101.6 mm (4 ip.)
hard rubber disk driven off the motor piniom gear. Hard
rubber disks were used instead of metal gears to avoid
damage to the gear teeth during tke program debugging stage.
The rubber disks allowed sufficient slipping when, for
example, the computer sent a valve-open signal even though
the valve vas fully cren.

The R-114 liquid temperature input to the computer was
provided by a serarate copper-constantan thermocougle
installed in the same ligquid R-114 thermocouple well that
the HP-3497A data acquistion/control unit used. The R-114
theromocouple emf for the computer was amplified by an Caega
thermocouple DC millivolt amplifier before input in to the
computer. The data acquisition system and the computer-
controlled valve system were completely independent systens.

The computer used for the computer-controlled valve was
ar Octagon Systems SYS-2A nmicrocomputer with an Esprit I
terminal connected via an RS-232C serial port. Appendix C
lists the control prcgram used. The control program was
written in NSC "Tiny EASIC." The control algorithm simulates
a proportional-integral-derivative (PID) controller to vary
the valve opening and shutting times. In the final program,
linits vere placed on the numerical value of certain program
variakles to prevent register overflow, jamming the valve
fully open/shut, and to lessen the impact of system noise on
the response of the systen. NSC Tiny BASIC 1is limited to

43




e RTINS T e Y[ TN T W T r T T T r Tt vw, =, w cw mw e — W i mw— A= e w . m .= =~ w = v

integers from -32000 to 32000 and fractional numbters are
ﬁf truncated. The values of the weighting factors (A,B,C) for
tl the prorortional terr (E), integral term (I), and derivative
o tern (D) vere determined by trial-and-error.

The control algorithm simplifies to the following lines:

60 Input re uired temperature R
230 Read R-1T4 temperature M :
260 Compute error El and change in error
262 Add each loo 0 integral sum & if error is positive
264 Add -1 each oo to lnte ral sumn (I) if error is negative
- 400 Valve command v—(E/A)+(B D)+ (1/C)
- 420 If (v>0) then open valve
- 430 Otherwise shut valve
540 GCTO 230

Section V.C desrites in detéil the system response under
this algorithn. Computer control of valve VC was not used
during the data taking as originally planned. Section V.C
discusses the reasons for this decision.
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ii IV. ERIPERINENTAL PBOGEDURES _—

A. INBSTALLATION OF TUBE IN APPARATUS

‘alale . .

X

[ Prior to installation in the apparatus, the boiling tube ]
i. surface was cleaned with a 2 percent Nital solutiomn (to
L remove surface oxidation and oil), rinsed with acetone, and
air dryed. Short tubes tested with and without the akove
treatment showed no change in the heat-transfer perfcrmance.
The treatment was effective in removing the slight surface
oxidation present following soft soldering without changing ]
the smooth or High Flux tube performance. Additionally,
following testing with oil, a treatment was needed to return

tke High Flux surface to the ™no-oil" condition for further
testing.
After installing the tube in the glass tee, the apga-

ratus was evacuated to 29 in. Hg by the portable mechanical
vacuum pump (6) shown in Figure 3.1. System pressure was
measured by a Marsh pressure gage (30 in. Hg to 150 psi
range, + 2.5 in. Hg and t 0.5 psi accuracy). The apparatus
was left at vacuum for 2 hours to check for 1leaks fpricr to

each run. No noticabl~ 3rrn vacuum was observed within
the accuracy of the ; . Next, the system gage
pressure was rais: : Mr. (27 psi), the saturation
pressure of R-114 .o , by opening valve V7 (see
Figure 3.1 for t.. ¢ on of the valves). An <
Automatic Halogen Lea' -, TIF 5000, was used to check ;
for R-114 leakage. s .sitivity of this detector is 3

PO

ppon ninimum concentr: ‘on. Afier pressure egualization with
the R-114 reservoir (3), the reservoir drain valve (V6) and
condenser return valve (V5) were opened to f£ill the boiling .
tee with liquid R-114. <

..
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Prior to installation, the left end flange had been

scribe marked to indicate the 1liquid level corresponding to

n 1600 cc (2500 gm) of ligquid R-114 at 21 °C (70 OF). This

) was the mass of pure E-114 in the apparatus at the beginning

of the data runs. The apparatus was now ready for taking
data.

B. GENERAL OPERATION

Table 3 lists the 109 data runs accomplished during this
thesis effort and their purrfpose. The data runs were
nunbered seguentially and preceeded by a 2- or 3-letter
prefix to indicate the tube type. The tube prefixes were:

SS = Short Solid Tube

HF = High Flux Long Tube

WH = Wieland Hard ,opger Long Smooth Tute
SSF = Short Slide-Fit Tube

SPF = Short Press-Fit Tube

SST = Short Soft-Soldered Tube

SHF = Short High Flux Tube

The short tube runs consisted of 6 data points at 6
different heat fluxes (usually 59, 37, 22, 14, 8, and 5 A
ki /m?). The normal tube runs consisted of at least 7 -
different heat fluxes with 6 data readings at each heat flux o
(usually 98, 61, 37, 22, 14, 8, and 5 kW/m?) with some addi- Mj

]

4

tional low heat fluxes investigated for the 0, 3, and 10 Tl
percent oil cases to check for the onset of nucleate boiling
and hysteresis in the High Flux surface.

g A

In all cases, the data set was begun by starting the
cooling pump (8) and opening valve VC slightly to slowly R
cool the liquid R-~114 to the desired saturation temperature. >
The R-114 vapor temperature was also monitored and when both
ligquid and vapor temperatures were stable (usually after
30-45 minutes), the heat flux would be established, the
saturation temperature reestablished, and the data aquisi- .
tion unit was allowed to take data. OUsually, the vapor i&;

. . .
.
LR "
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Shift heater and thermocouples

Repeatability

Repeatability

Repeatability

Shift heater’ and thermocouples

Clean with Nital, acetone, and air dry

Repeatabllltg . o

Slide-fit tube 3 (0.002 ir. clearance) -

Effect of Tsat -

Repeatability .

Time Variation Study (1 day later) o

Effect of Tsat .

Effect of Tsat T

Short Solid Tube ~

Regeatablllty A

Effect of Tsat SR

4 days later irnnd

Shift heater and thermocouples
later

10 dags later

Time Study Solid Tube (no effect)

Short soft-soldered tube 6

Regeatabxlxtg_

Debug short High Flux tube 7 o

Studj Tvapor siperheat ;g?
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o TABLE 3 -
- Summary of Data Runs I”ﬁ
n Run Tsat VNo.
M No. (°C) Pts Remarks - 4
SL wd10 Rups ¥BO1 to WH10 taken by Karasabun N
< SPF Debug new tube . . ]
; Sp - Press-fit tube 4 (0.004 in. interference) STy
SP Effect of Tsat RS
SP Effect of Tsat ) 2
SS - Slide-fit tube 2 (0.005 in. clearance)
SS Effect of Tsat
' SS Effect of Tsat
i SS - Rotate_tube 90 degrees
L Ss - Study low heat flux error band
- SS - Study high heat flux error band .
E gg - Rotate héater -90 degrees, tube fixed
: Ss
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Repeatability

Repeatability ]

Study hydostatic head (+1 in. level)
-Inciease _data pts at heat fluxes S
-Runs 49-54 form data set Lo
-Each run at different heat flux i
=-Compare with set 55-60 W
End of Set 49-54

Study hydrostatic head (+0.5 in. level)

- -same as above set 49-5 RS
- -same o)
- -same R

-Same

End of Set 55-60 _ .
Install Tvapor radiation shiell
Study Tliquid subcooling .
Cleah High Flux w/Nital and acetone —
Repeatability T
Repeatability o
Repeatability IOCh
Rotate tube #90 and +180 degrees RO
Repeatability -
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Table 3
Summary of Data Runs (cont'd)

Ran Tsa No.

No. (oC Pts Remarks

SHF - Aggly thermal grease to heater (no effect)
SHF EXfect of Tsat

SHF Regeatablllt L.

SHF Debug oil addition (0.2 percent added)

RemoV¥e and clean tube, add 1 percent oil
2 percent oil
J frercent oil
6 [ercent oil
10 percent o0il . .
Axial/Circumferential variation study
0 percent oil, decreasing g
Rotated tube =80 and -180 dégrees
Repeatability (of run WH79)

SOV E WL 0 W
U U N

t o
) t

6 2.2 7

7 6.7 36

1 2.2 36

7 2.2 36
SHF7 2.2 36
SHR? 2.2 36
SHF? 2.2 36
SHF7 2.2 36
SHF7 2.2 36
WH78 2.2 9
W79 2.2 42
WH80 2.2 1N
WH81 2.2 42 ;
WH82 -2.2 42 0" percent o11, lncreaSLng q
WHB3 -2.2 38 Repeatability_(of run WH82)
WHB4 6.7 49 0" percent o011, increasing g
WH8S -2.2 66 0 percent oil, decreasing g
WH86 -2.2 48 1 tercent oil, decreasing g
WH87 6.7 48 1 percent oil, decreasing g
WH88 -2.2 48 2 percent oil, decreasing ¢
WH89 6.7 48 2 percent oil, decreasing g
WHI0 -2.2 36 3 percent oil, increasing g
WH91 -2.2 48 3 percent oil, decreasing g
WH92 6.7 48 3 percent o0il, decreasing g
WH93 6.7 48 6 percent oil, decreasing g
WH94 -2.2 48 6 Tercent oil, decreasing g
WH95 -2.2 61 10 percent oil, increasing g
WHI96 6.7 53 10 percent oil, increasing g
WH97 -2.2 66 10 percent oil, decrea51ng q

l WH98 -2.2 45 Repeatability (of run WH95)

WH99 6.7 66 10 percent oll, decreasing g
HF100 -2.2 66 0 rercent oil, increasing g
HF101 -=-2.2 72 0 percent oil, decreasin
HF102 -2.2 24 Repeatability_ (of rum HF1 0?
HF103 6.7 66 Q" percent o011, increasing g
HF104 6.7 69 0 gercept,ozl, decreasin
HF105 6.7 56 Repeatability (of run HF1 u?
HF106 -Z2.2 48 1" percent o011, decreasing g
HF107 6.7 48 1 percent oil, decreasing g
HF108 6.7 48 2 rercent o0il, decreasing g
HF109 -2.2 48 2 percent oil, decreasing g
HF110 6.7 48 3 fercent o0il, decreasing g .
HF111 -2.2 39 3 percent oi]l, increasing g
HF112 -2.2 72 3 percent oil, decreasing g
HF113 -2.2 48 6 percent oil, decreasing g
HF114 6.6 48 6 percent oil, decreasing g
HF115 -2.2 48 10 percent oil, increasing g
HF116 -2.2 72 10 percent oil, decreasing §
HF117 6.7 72 10 percent oil, decreasing g
HF118 6.7 48 10 percent o0il, increasing J .
SPF119 -2.2 36 Complete study of time variation SPF

Note: 75 data runs_for Computer-Controlled Valve
testing not listed.
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temperature would read higher, up to 2 K, than the liquid

.

tenperature due to the vapor becoming superheated. The

A e

apparatus, though cocled by the R-114, was still hot enough

e
B

‘lhlllll
LT
P
VI )

S

(60 °F) to superheat the vapor. Measurements of the liguid

L
l’ll

1o
F

) 'l' I-'

. temperature, system fpressure, and vapor temperature (with

Py

vapor probe shielded by a radiation shield) confirmed this.
The 1liguid temperature best indicated the saturation
_ temperature.
: The HP-3497A data aquisition unit would scan each
channel, compute the heat-transfer coefficient, print the

LIS TV

results (an example printout is shown in Appendix D), aand
store the data on the floppy disk. -
Following the taking of all data points, the data set <

. [
AP M 2

was statistically analyzed by subroutine STATS to compute
the average heat-transfer coefficient at eachk heat flux and

St
et

fe e Te e

Atk o

the standard deviation of the 6 data points for a given heat :
flux. The standard deviation of the 6 data points was g

i) IR

usually 0.5 percent for the heat flux and 1-2 percent for P
the heat-transfer coefficient. N
After all data sets at a given o0il conceantration were

-l

complete, oil was added via valve V1. The o0il immediately SR
dissolved in the R-114, No <carryover to the condenser was
noted except for several small drops at 10 percent o0il ard
the highest heat flux during the last few data sets.
Foaming cccurred with the addition of oil, and increased
with both increasing heat flux and increasing oil ccncentra- f;i
tion. Figure 4.1 to 4.3 show photographs at heat fluxes of ;iﬁ
30 kW/m2 and 98 kW/m2 for oil concentrations of 0, 3, and 10 :
percent. When oil addition was not taking place, the o0il L
cylinder and reservoir were isolated from the apparatus by
valves V3 and V4 to minimize R-114 absorption by the oil.
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(a) 0 percent oil at 100 kW/mz. No Foaming.

(b) 1 percent oil at 100 kW/mz. Foaming begins to appear.
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FPigure 8.1 Photograghs of Boiling and Foaming
at 0 and Percent Oil.
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(b) 3 percent oil at 100 kW/m2,

Figure 4.2 Photagraphs of Boilin i
d at 3 pErCent 03109 and Foaming
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(b) 10 percent oil at 100 kW/m2,
Figure 8.3 Phato raghs of Boiling and Poaaing
at 10 Percent 0il.
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C. SANPLING OIL

0il sanmpling was done at room temperature to prevent the
temperature of the sampling lines from boiling off the R-114
and yielding false readings. The sampling procedure used
was:

1. Weigh the empty flexible sample tubing and pinch

clamps. Connect them to the sampling apparatus.

» 2. Open S-1, S-4, and set S-2 to position 2 to provide a

purge path for the sample flow.

5 3. lower the sanmple container to a height below the

t level of the R-114 glass tee.

4. After purging the sample probe and lines, use [fpinch
clamps to isclate the 304.8 am (12 in.) flexible

. sample tubing and trap a sample. Shut S-1 and switch

L S-2 to positicn 1.

5. Disconnect the flexible sample tubing and immerse it
in ice to lower its internal pressure below atmos-

pheric pressure.
6. Open 5-3 to provide a vent for the purge container

and pour the [purge volume back into the boiling tee
by 1lifting it to a height so that it flows by
gravity. S
7. Weigh the sample line (the aass balance used was :fjl
accurate to t 0.0001 g). we
8. Open a pinch «clamp and allow air to warm the sample e
line and evaporate off the liguid R-114. Keefp the fﬁﬁ;
sample line on the mass balance to collect any drops
of oil that may splatter as the 1liquid 3-114 evapo-
rates.
9. After allowing several hours for the R-114 to evapo- e
rate, reweigh the flexible sample tubinj. -
10. Calculate the mass percent of o0il using equation -
(3.1).
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V. SYSTEM OPERATION AND PROBLEANS

A. CIRCUNFERENTIAL WALL TEMPERATURE VARIATIOR

Following the comnstruction of the solid, thick-walled,
reference tube, an investigation was begun to develop an
assembly method which would result in negligible cecntact
resistance between the inner tube wall and the copper
sleeve, and yield data comparable to that for the solid
tube.

Short slide-fit tubes 2 and 3 (see Table 1) had sleeves
that could be slid into the test tube with tube 3 having a
tighter clearance. The slide-fit tubes exhibited a circum-
ferential wall temperature variation of 7-14 K at 50 kW/m2
in pure R-114 Dboiling at -2.2 OC. This variation matched
data on a similar long tube (with slide-fit sleeve) tested
ty Karasabun [Ref. 8]. Tube 2 had an average wall tempera-
ture of 33 °C and tube 3 had an average wall temperature of
25 0C at 50 kW/m2. <The tighter clearance of tube 3 resulted
in a lower contact resistance, and the wall temfperature
subsequently dropped. The short solid tube under similar
conditions exhibited a 0.34 K circumferential wall temfpera-
ture varjiation and an average wall temperature of only
10.7 ocC. Sauer et al. [Ref. 21)], with a similar experi-
mental apparatus, used a mechanically-press-fitted brass
sleeve for obtaining data. Tubes 4 and 5 had copper sleeves
that were amechanically cold pressed into the tube. The
diametral interference was 0.01 mm (0.0004 in.) for tube 4
and 0.01S mm (0.0006 in.) for tube 5. The interface pres-
sure obtained was calculated to be 15.2 YPa (2200 psi) for
tube 4 and 22.8 MPa (3300 psi) for tube 5. During rressing,
the sleeves were lubricated with glycerin (93%303) a
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high-thermal-conductivity - compound that, according to
Incropera and Dewitt [Ref. 22), should result in a 10-100
times reduction in the contact resistance when combined with
the ccntact pressures mentioned above.

Tubes 4 and 5 had circumferential wall temperature vari-
ations of 0.9-1.5 K with an average wall temperature of
16.2 oC for tube 4 and 14.7 °C for tube 5 during initial
testing. However, with time, the circumferential wall
temperature variation dgrew to 5-8 K and the average wall
temperature increased to about 28 °C for both tubes. The
resulting drop in heat-transfer performance is shown in
Figure 5.1. This result is believed to be due to the phencom-
enon referred to as "stress relaxation."

Stress relaxation is a form of creep. The Metals
Handbook [Ref. 23] notes that copper alloys easily undergo a
decrease in stress resulting from transformation of elastic
strain into plastic strain im a constrained solid. The
phenomena occurs even at relatively low operating tempera-
tures (at 25 9C, an 80 percent drop in stress can occur in
200 hours), and is of most concern in applications like
press-fits and solderless wrapped copper connectors. The
time-dependent data of Figure 5.1 appears to Le the result
of a drozping press-fit interface pressure yielding a higher
contact resistance, higher imnner wall temperatures, and
lower heat-transfer coefficients.

Stephan and Mitrovic [Bef. 7] used a combination of
mechanically press-fit and soft-soldered inner sleeves to
obtain data on the Gewa-T surface in R-114. Soft-soldering
was initially overlooked by this experimenter because the
normal heating method used is an oxy-acetylene torch on the
tube surface. The flame temperatures of an oxy-acetylene
torch are above 800 oC (1500 ©°F). The resulting oxidation
and heat damage (the High Flux <coating melts at 800 9C) to
the High Flux surface was unacceptable. Tests showed
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however, that the inner cartridge heater could be used to
apply a controlled amcunt of heat to melt a low temperature :
(melting point 160 ©°C) solder, while closely monitoring the —
tube temperature using the sleeve thermocouples. This
method was used to produce soft-soldered short tube 6 which
showed circumferential wall temperature variations of 0.8 K e
and an average wall temperature of 11.5 °0C at 50 kW/m2. o
Figure 5.2 compares the results of the soft-soldered and
solid tulkes. The agreement between the tubes is excellent.
The long boiling tubes matched the short soft-soldered data L
very closely. S
Tests made by rotating the test tubes 90 degrees and 180
degrees showed that the slight circumferential wall temgera- .
ture variation of these tubes was due to the surface charac- gi;
teristics of the boiling tube rather than due to the -
thermocouples. Thermocouples 1located near more active
nucleation sites of the smooth and High Flux surfaces had
slightly lovwer local wall temperatures. The 0.8 K circum- e
ferential wall temperature variation that resulted <fromn sl
soft-soldering the sleeves of the tubes is much smaller than L
the 11 K variation reported by Sauer et al. [Ref. 21], and ;ﬁf
is about the same as the 1 K variation reported by Stepharn Eﬁj:
and Mitrovic [Ref. 7]. e

B. AXIAL TEMPEERATURE VARIATION OF LONG TUBES

Karasabun [Ref. 8] reported an axial temperature varia-
tion of about 20 K along the inner wall of his slide-fitted
sleeve. Stephan and Mitrovic [Ref. 7] reported an axial
temperature variation of 1 K along the sleeve they used.
The 1long soft-soldered tubes tested in this experiment
exhibited an axial temperature distribution that varied with
heat flux. Pigures 5.3 and 5.4 show the axial temfperature
distribution as a function of position along the boilirng ?Jf
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surface for the smooth tube and Higk Flux tube respectively.
The variation at 20 kW/m2 (the heat flux at which Stephan
F and Mitrovic cite their 1 K variation) is less than 1 K for
both tubes. The maximum axial temperature variaticmn is 3 K

for the High Flux surface at 98 kW/m2.
The cartridge heaters used were precisicn-wournd,

ceramic~-core, magnesium-oxide-insulated, Incoloy-sheathed
WATLOW FIREROD heaters. The heaters bhad 6.35 mm (0.25 in.) ]
long 1lava-rock plugs at either end of the heater that 'jﬁ
reduced the actual heating length on each end. The heaters :t
were initially believed to generate a uniform heat flux at -
all power settings, but the axial wall temperature data ;fj
indicate the heat generation varied with the power level. f

Since the axial temperature distribution was fairly S
linear over most practical heat fluxes (less than 37 kW/m?), <
the arithmetic average of all 8 wall thermocouples was used
to compute the heat-transfer coefficient. This results in
slightly lowver heat-transfer coefficients and is a conserva- L
tive estimate of the performance of the High Flux surface. —

Appendix E analyzes the resulting error in the heat-traasfer fgi
coefficient from using the arithmetic average for calcu- o

lating the heat-transfer coefficient.

C. COHPUTER-CONTROLLED VALVE

Figure 5.5 shows the system response to closing valve VC
manually and the improved response of the system when using
the computer-controlled valve. By correctly cycling the
valve between open and shut, the system saturation temgera-
ture could rapidly be changed. Establishing a stable equi- iﬁﬁ
librium temperature after a large valve movement was, :
however, difficult during the initial testing of the appa- -
ratus. The extensive trial-and-error testing for the ZZii
correct weighting factors of the proportional, integral, and ij

1
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derivative terms resulted'in a 1large data base concerning

the saturated system operating characteristics and a large

amount of practice for the orerator in manual control of

valve VC following unsuccessful computer-ccntrolled
transients.

Manual operation of valve VC was done in conjunction
with the section (lines 1890
to 2485 of program DEF2 listed in Appendix B) that monitored
the saturation temperature and the rate of change of satura-
It was found that, because
of the HP-3497A4 data
with manual operation and a trained oper-
withia
was a much tighter control band than was

of the data-reduction program

tion temperature continuously.
of the
acguisition uait,

better temperature resolution
ator, temperature transients could be maintained
+ 0.02 K. This
possible with the ccmputer-controlled valve because of the
sensing input fromn the
Additionally,

the manual

poor resclution of its temperature
DC millivolt

and experience,

Omega thermocouple anplifier.

after much practice method was

found to be as fast as, or faster than the use of computer-

controlled valve.
To obtain the

period of time,

shortest
computer-control of valve VC was abandoned.
Section VII.B includes recommendations for further improve-
the

highest accuracy data in the

ments to computer control system to restore its

usefulness.
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VI. BESULTS AN

DISCUSSION

A. BCILING PERFORMANCE OF SMOOTH TUBE

Figure 6.1 shows the nucleate pool-boiling performance
of the smooth copper tube in R-114. The behavior witi no
oil represents typical nucleate pool-boiling performance.
From point A to point B, a continuous increase in wall

superheat (T is observed when heat flux 1is

wo™ Tsat)
increased. No bubkles were observed in this region of the
curve as this region represents natural convection. At
point B, incipient nucleate boiling occurs. From point B to
point C (or C' for 10 percent o0il), a reduction in wail
superheat is observed while the heat flux is coantinucusly
increased. This 1region is known as the aixed-boiling
region, where transition from natural convection to nucleate
pool boiling takes rlace. In this region, the heated
porticn of the tube began to activate an increasing number
of nucleation sites, while the unheated ends showed no
bubbles. In fact, the unheated ends underwent only natural
convection, due to axial conduction of heat along the tube
wall, at all heat fluxes. The transition from natural
convection to nucleate boiling occurred rapidly when there
was no oil present. The surface would burst into nucleate
boiling in less than a second after the first nucleation
site became active. At point C (or C'), all the available
nucleation sites were apparently active. After point C, the
wall superheat again increases with increasing heat flux as
shown in region C-D. 1In region C-D, no new nucleation sites
were seen to become active. Instead, the bubkle departure
rate increased. When the heat flux is decreased after having
established complete nucleate boiling, the curve follows a
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different path (point D to point E). The existence of
stable nucleation sites, which remain active over a wide
range of heat fluxes, results in better heat-transfer
performance than in natural convection, resulting in a lower
wall superheat.

The effect of adding o0il 1is, according to Stephan
[Ref. 9], to introduce a mass diffusion resistance and lower

the heat-transfer coefficient. As seen in Figure 6.1, in
region A-B, both the 3 and 10 percent curves were lower than
Hf the 0 percent oil curve. The 3 percent oil curve is lower
- than the 10 percent oil curve probably because of the non-
linear physical progerty variations of refrigerant-oil
mixtures. The non-linear variation of surface tension (see
Figure 2.3) would not seem to be responsible for this

anomally. The curves in region A-B support the contentions
of Chongrungeong and Sauer [Ref. 10] and Thome [Ref. 14]
that the non-linear variation of physical properties of
refrigerant-oil amixtures, other than surface tension, =
explains the heat-transfer behavior of refrigerant-oil
mixtures. The effect of adding 10 percent o0il was to delay A
the transition to ccaplete nucleate boiling on the tube. 33
With 10 percent oil, the surface developed patches of :
nucleation sites that spread slowly with increasing heat =
flux, until they covered the entire surface (point CVY).
Region T[-E {(or D'-E) shows that oil increased the wall
superheat slightly for 3 percent oil and significantly for
10 percent oil. Again, this agrees with the concept of an
increased mass diffusion resistance by the addition of oil.
Figure 6.2 shows the heat-transfer coefficient of the
smooth tube in R-114-0il mixtures as a function of heat
flux. The curves show the heat-transfer coefficient of the
smooth tube in region D-E, after complete nucleate boiling
has been initiated. The effect of adding less than 6 Zﬂ
percent o0il is seen to be small (about a 10 percent
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QI

reduction in the heat-transfer coefficient). However, an
0il concentration of 10 percent causes a more significant
drop in the heat-transfer coefficient (from 0 to 35 percent
depending on the heat flux).

Figure 6.3 shows more easily the degradation that cil
causes in the boiling heat-transfer performance of the
smooth tube. This figure plots the heat-transfer coeffi-
cient of the smooth tube relative to the heat-transfer coef-
ficient in pure R-114 as a function of o0il concentration.
The effect of o0il can be seen to depend also on the heat
flux. 0il can be seen to generally degrade the performance
of the smooth tube, except at heat fluxes less thar 5 kW/m2
and o0il concentrations between 2 and 8 percent. This
behavior was also seen by Henrici and Hesse (see Figure
2.2). Since this curve shows the heat-transfer performance
in region D-E, with complete nucleate boiling, the non-
linear variation of the physical properties of refrigerant-
oil mixtures, including surface tension, again protakly
accounts for this anomalous behavior. Since no measurements
of the physical prorerties of the R-114-0il mixture were
made during this investigation, any possible non-linear
property variations of the mixture used are unknown,
requiring future work.

B. BOILING PERFORHAXCE OF HIGH FLUX SURFACE

Figure 6.4 shows the nucleate pool-boiling performance
of the High Flux surface in R-114-0il mixtures. The small
magnitude of the wall superheats obtained during nucleate
boiling should especially be noted. The High Flux surface
in pure R-114 showed typical natural-convection region (A-3)
tehavior. The incipient point (B) occurred at wmuch lower
heat fluxes and superheats than for the smooth tube as shown
earlier. The transition to rucleate boiling (B-C) was
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: similar to the smooth tube, occurring very rapidly (less
- than 1 second). Nucleate boilng from the High Flux surface
‘j results in a drop of the wall superheat by about a factor of
' 10. This is due to the extremely high density of nucleation
sites present on the High Flux surface. FProm the low heat
fluxes (1-10 kW/m2) at which the transition to nucleate
Yoiling occurs, it can be seen that the High Flux coating
also assists in the activation of stable nucleation sites.
Adding o0il to the High Flux surface appears to delay the
onset of nucleate boiling [point B wall superheat increases

with increasing oil concentration). However, the transition
to nucleate boiling still occurred very rapidly, even at 10
percent oil. The rafpid transition to nucleate boiling (less
tkan 1 second) on the High Flux surface is probably due to
the interconnected cavities which can assist in nucleating
the entire surface once a single site becomes initially
active. 0il is unlikely to inhibit this characteristic of
the High Flux surface though it apparently delays the
initial activiation of the first nucleation site. As seen
in region D-E, for heat fluxes less than 37 k#/m2, the
effect of adding oil to the High Plux surface, once it has
been nucleating fully, is to cause about a 30 percent
increase in the wall superheat. At heat fluxes in excess of
37 kW/m2 and at 10 percent oil, the wall superheat increased
dramatically. AsS seen in Figure 6.1, the wall superheat at
a heat flux of 98 kW/m2 and 10 percent o0il is about the same
for both the smooth tube and High Flux surface.

Figure 6.5 shows the heat-transfer coefficient of the
High Flux surface as a function of heat flux for various oil

concentrations. Again, oil is seen to degrade the nucleate

pool-boiling heat-transfer performance.
Air-conditioning plants typically operate in the heat jﬁ%
SR
flux range of 10 to 40 kW/m2 with less than 1 percent oil. RN
In this region of pracical interest, the boiling if;:
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heat-transfer coefficient of the High Flux surface is about
10 times better than a smooth tube: Also, it experiences
only a 20 percent drop in the boiling heat-transfer coeffi-
cient with the addition of 0il (1 to 10 percent). This is
seen clearly in Fiqure 6.6 which plots the heat-transfer
coefficient, relative to the heat-transfer coefficient for 0
percent oil, as a function of oil coancentration. From 1 to
10 percent oil at a heat flux of 14 kW/m2, the heat-transfer
coefficient is about 80 percent of the no-oil heat-transfer
coefficient.

Figure 6.6 also shows that the oil-caused degradation of
performance on the High Flux surface is nearly independent
of 0il concentration at practical heat fluxes. Only at a
heat fluxof 98 kW/m?2 and 6-10 percent oil, does the High
Flux surface experience significant performance degradation.
At high heat fluxes and oil concentrations, the effect of
oil may be to "clog" the interconnecting cavities of the
High Flux surface due to boiling off of the R-114. Clogging
the R-114 surface with 0il would prevent replenishment of
the npucleation sites with R-114 1liquid, preventing the
nucleation process and leading to higher superheats. The
time-dependent behavior of the High Flux surface in high oil
concentrations and at high heat fluxes was not studied in
this experinment.

C. COHPABRISON OF BIGH FLUX TO SMOCTH TUBE BOILING
PERFOBHNANCE

Figure 6.7 shows the heat-transfer performance of both
the High Flux surface and the smooth tube as a function of
heat fliux. Again, the 7-10 times improvement in the heat-
transfer coefficient by the High Flux surface is easily
seen. At extremely high heat flux and high o0il combinations,
the High Flux surface performs only sligthly better than the
smooth tube.
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Figure 6.7 also <shows that the heat-transfer curves of
the High Flux surface and the smooth tube are not parallel.
At low heat fluxes, the High Flux surface is more effective,
in comparison to the smooth tube, in enbancing nucleation
than at moderate heat fluxes. At high heat fluxes, the
performance of the High Flux <coating begins to converge
toward the smooth-tube curve because the surface becanme
vapor blanketed. This is expected since both tubes should o
perform about the same when they are completely vapor ~3f
blanketed. <

Figure 6.8 shows the relative improvement of the High

Flux surface over the smooth tube as a function of oil o
concentration. For the heat fluxes of practical interest in ff&
air-conditioning plants, the High Flux surface is 7-10 tiames ..;
better than the smooth tube. "~

D. EFFECT OF SATURATION TEMPERATURE ON BOILING PERFORMANCE ;ﬁ

As reported by Stephan [Ref. 9], the effect of i:
increasing the saturation temperature for both the smooth TS
tube and High Flux surface was increased heat-transfer :;
performance. Figure 6.9 shows the improvement in heat- IE?
transfer performance in pure R-114 achieved by raising the ;ﬁ

(44 OF). At high heat fluxes, little improvement is seen in
the High Flux surface performance because the surface is o
nearly vapor blanketed with bubbles. ::i

Figure 6.10 shows the effect of saturation temperature =
on R-114-0il mixtures. Increased saturation temperature is
again seen to improve the performance of the High Flux -@%
surface as well as the smooth tube, even with 10 percent T

saturation temperature from =-2.2 9C (28 OF) to 6.7 °C 771

oil. This is consistent with the no-oil results, but .
contradicts Henrici and Hesse's data (see FPigure 2.5). : fji
oy
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E. 1OCAL OIL SANPLING EFFORIS

DOMMAMNDES I

The results of the attempt to sample o0il 1locally near
the boiling tube were inconclusive. The method outlined in
Section IV.C did not produce either repeatable or accurate
results. Checks of the sampling method were made by -
sampling the bulk 1liguid with 0 and 10 percent oil at zero :
heat flux. The 0 percent o0il check yielded oil concentra-
tions from 0 to 2 percent. The 10 percent oil check yieléed
oil sample concentrations from 5 to 25 percent.

Further refinements to the sampling apparatus are needed -
to permit an accurate local sample of o0il in the vicinity of
a boiling tube. Section VII.B contains recommendations to
improve the sampling apparatus.
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VII. CONCLUSIONS AND RECONMENDATIONS

=Y

A. CONCLUSIOERS

1. In pure R-114, the pool-boiling heat-transfer coeffi-

I cient of the High Flux surface is about 10 times
larger tkan that of a smooth tube.

2. The High Flux surface began nucleate boiling at low
heat fluxes, about 1 k¥W/m2, compared to a heat flux
of akout 10 kW/m2 for the smooth tube.

3. 0il delayed the onset of nucleate boiling with the

B

Righ Flux surface.

4. 0il resulted in about a 20 percent reduction in the
heat-transfer coefficient of the High Flux surface
for most practical heat flux (less thamn 37 kW/m2) and
0il combinations (less than 6 percent).

S. At heat fluxes of 98 kW/m2 and greater than 6 percent

oil, the performance of the High Flux surface
degraded by as much as 80 percent. The performance
of the High Flux surface was little better than the
smooth tube at 98 kW/m2 and 10 percent oil.

The boiling heat-transfer coefficient of the High

T WRTe et
o
[ ]

Flux surface was about 7 times better than that of a

smooth tube for o0il concentrations from 1 to 10
: percent over the range of heat fluxes employed in
b air-conditioning plants (10-40 kW/m2).
. 7. The boiling heat-transfer coefficient of both the

High Flux surface and the smooth tube increased with
. increasing saturation temperature. The improvement
b decreased at high heat fluxes for the High Flux e
surface due to vapor blanketing of the surface. ;f}

BEUEL R L

81 )

v

R

ettt C s . el D L Lol - Lr e e e PSP -

N . . - BRI - R Y R TR TR D R VT . .
...... e e e e . TS T T I TR S O L IR S SR S LN R j

D S
. s p v g’ AT R St . o Tty K . A R B AR
IO S I N ) A I WO AP P JPW P WY PR P PP U PR WO TSP R Wi S SN SO Sl PO ., Syl gl b i s




8. Llocal oil sample results were not accurate or repea-
table enough to determine if a variation in the local
0il concentration occurs near a boiling tube.

B. RECOMMENDATIONS

1. The present cartridge heaters should be replaced with
more reliable heaters that will produce a uniform
heat flux axially at all heat loads.

2. A s0lid copper tube should be coated with High Flux
and tested. Lue to the very smali superheats of the
High Flux surface, even a small amount of contact
resistance could affect the data at low heat fluxes.

3. The physical properties of the R-114-0il mixtures
tested should be measured to obtain information to
better explain the reasons for the heat-transfer
performance of both the High Flux surface and the
smooth tube. Particularly, the anomalous rise in
heat-transfer performance of smooth tubes when 1 to &

percent oil is present in R-114 should be studied.

4. A secondary heater should be installed in the boiling
section to keep the total heat input constant. The
heat input to the secondary heater should be
increased when the heat input to the boiling tube is

"y
A0

:
Y ateh

decreased and vice versa. This modification will
maintain a ccnstant heat load on the condenser and

eliminate the need to operate valve VC, except to set :?é
the saturation temperature at the beginning of a run. e
Alternately, the effort to computer control valve VC o
should continue by obtaining an accurate thermistor
with a high temperature resolution for use with the
SYS-2A microccmputer. Improved temperature resolu- T
tion would allow the computer-controlled valve to :;;
operate properly and free the operator from the ‘ﬁk
demands of manual control of valve VC. ) ?li
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The performance of a bundle of High Plux-coated tubes
in R-114-0il mixtures should be studied.

Data should be obtained on the High Flux surface over ol
a wider range of temperatures and with o0ils of
varying viscosities.

The High Flux surface should be tested for tinme- o
dependent heat~transfer performance by taking data o]
periodically over a long time during boiling. —

y'-nl
o)

A small o0il sample container with valves and a veat

PR
»

daca s

line should be manufactured. The flexible tubing and
pinch clamps used in this experiment did not frofperly o
hold or vent the sample. ]
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APPENDIX A
THEBMOCOUPLE CALIBRATION

Y
&: Karasabun [Ref. B8] describes the thermocouple calibra-

tion equipment in detail. Two thermocouples were calibrated.
One was mpade from wire at the beginning of the roll, the
other from the end of the roll, following the making of all i
thermocouples used in the apparatus and tests.

Essentially, the manufacturer-supplied calibration equa- o
tion for the thermocouple wire, a seventh order poclynormial, R
was correcteg slightly by adding to it a second order curve o
fit of the variation of the manufacturer's computed tempera- 1

ture for a given emf from a knovn set of reference tempera-
tures (measured using a Hewlett-Packard 2804A gquartz
thermometer with a temperature resolution of + 0.0001 K and
accuracy of + 0.03 K).

The manufacturer's enf to temperature coaversion equa-

tion is:
T =ay + ajE + ayE2 + azEd «+ (2.1)
a,E' + a, B> + a ® +a & 1
where ]
T = temperature (9C) X
a, = 0.100860910 S
a; = 25727.94369 T
a, = -767345.8295 -
a, = 78025595.81 e
3, = -9247486589 T
a; = 6.97688E+11 i}i
ag = -2.66192E+13 NN
a, = 3.94078E+14 w
£ = thermocouple reading (volts) T
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Figure A.1 shows the gquartz thermometer reading minus
the thermocouple readings (discrepancy) versus temperature.
The two thermocouples agreed to within 0.05 K of each other
and the manufacturer's seventh-order polynomial needed about
a 0.1 K increase to more accurately convert the emf's to the

true temperature. The correcting second-order polynomial
was:
= : 2
DCP = b, ¢+ b T + b.T (2.2)
where

DCP = discrepancy (K)

= 8.6268968E-2

= 3.7619902E-3

-5.0689259E-5

= theramocouple reading
(from equation A. 1) (°C)

H v v
N = O
n

Thus, the temperatures computed by the data-reduction
program (DRP2) were emf's converted to temperature by equa-
tion A.1 with corrections for that temperature computed by
equation A.2 added to the temperature to get the true
temperature.

Since the data-reduction program utilized differences
between thermocouples in all computations, such as wall
temperature minus saturation temperature, the corrections
above were necessary only for the computation of iteas
dependent on the absclute temperature, like the fluid prop-
erties. Appendix E describes in detail the uncertainty
analysis and the effect of wall temperature variation on the
computation of the heat-transfer coefficient. Thermocougle
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variations of the soft-soldered tubes were most 1likely -due
to a slight amount of contact resistance and to the surface
characteristics of the tubes tested, since data runs

involving shifting the wall thermocouples did not affect the
data.
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APPENDIX B
DATA REDOCTION PROGRAM
The data reduction progranm below consists of the

Main Program -

following sections:

Menu of subprogram options

Sub Main - Take data or reprocess data

Sudb Elot - Plot data on log-log scale

Sub Poly - Ccmpute least-squares curve fit of data
Sub Elin - Plot data on linear-linear scale

Sub Stats - Ccmpute average and standard deviation of

Subprogram Main consists of the following steps:

1.
2.
3.

Create data file for data and plot points.

Select tube type.

Monitor heat flux or saturation temperature to estab-
lish steady-state conditiomns.

Scan all channels listed in Table 2 and save in data

file.

Ccnvert raw emf's to temperatures, current, and
voltage.

Compute +the heat-transfer rate for the cartridge
hater.

Compute the average wall temperature, the wall super-
heat, and the film temperature. '
Compute the physical properties of R-114 using given
correlations at film temperature.

heat-transfer coeffi-

of the test

Compute the matural-convection
cient of R-114 for the non-boiling ends
tube.

10. Compute the heat loss from the non-boiling ends.

-

88

....................................
PR PSS IR I P R ORA

.........
Aa s

L

data

L

s

LI I I}
LY ) *
¢

B A
S




N y T S RN Al M A S e iC i i A i Ay e T W TN R N RN Lo iU it S = e e - Pl -

11. Calculate the corrected heat flux from the test tube

to the liquid R-114.
12. Calculate the boiling heat-transfer coefficient of

the R-114 from the test tube.
13. Print data. Store heat flux and wall superheat values
in plot file.
The following is a listing of the complete data reduc-
tion progranm {DRP2) vritten 1in Basic 3.0 for the
Hewlett-Packard 9826 computer.

1RAGL # 10 NAME: UREQ

1ReS) pAIE: October 19, 1984

11 PEVISED:  March 10 1985

12151

132 BELy

1025 PRINTER (€ 1 Y

1030 FRINI USING “ax *“Selet ootion:™ "

1328 FRINT USING "EX ""@ leling date or re-orocessing orevicus data®""
1340 FRINT DBSING “6X, "1 Plutting dats on Lcg-Log *°° |
1045 FRINT USING "6BY%,""2 Tletting duta on Linear®""

1852 FRINS USING “6X """ Mse cross-oglat coefft fyle"""

1256 1HFUY Bdo

1969  [F (do<Q TILN (ALL Mein .
188S I+ do1 THEN CALL F ot

1028 IF (do=2 IHEN ALt Plan

1875 11 Jdued IHEN CALL Coef

1852 END

1888 1B Maun

1030 €M /fes Cody Tead

FAS DM EmfO12) 10129 01atk) Blal6) Niath) Dot Lalhd LuerB) KeuatR)
1100 DATA @.1000609) %7277 . 94369 - 767745, RI1S  TRAZLGS, 8t

LIS DAfn Q27486529 5.3 °Radl ety 2 FELGTF 13 1. 94Q7HE ¢ 14

1IH1d BFAD (e

LS PRIHEE 1y 7o)

e Cifnie Y09

125 PIEP

£133 fhfgE "EMIER MONI DATE AND TIME (MM:0D:HH:IMM:55)° Date$

PI2S 0oy 709 107 et %

1149 Pyl Jedem1pe

1145 EMIFR 709:{iales

1159 PRINT

1165 PERIME ™ Minth shete and bime " illates

vea Frim

VIES  PRIMD USING 10 " HYEE : ) eogr am nome @ DR =

1170 BLEP

1175 Q1Ee CENTER DESY NenbEn- b

1188 PEINT USTHG "1 "“Disl number ¢ "° 17740n

1186 QEF

1188 [NCUT CENTER THPUL Mot (@0 %0%4A Hef 1HED Im

1195 piis

1200 INPUT CENTER THERAOCOUEE g (@ MEW T-01 ()" [aal i
1305 [t [mn@ THEN

121 Bief

1215 fhful “GIvC A NANE FOR THE RAW UATA FTLE" D2 files

200 FRIND USING “1RX " 'New fule name: "~ 14A70Y files

1220 eFrp

P2 Iuben T nPeg SLIE of b I E OQUALT Sized
1235 CHEnIE PUST LD fole$ el

1240 ATSIGH B el 10 02 f10me

[P Y]

IT6@0 BUMMY FILE CRLEL N arn P HIOWN

F2SS  DF fited T DUMHY -

1350 CEEATE BUAL D) fyles 4 et

2R TR N Maded 10 T ek

1270 (UIEBT B el ilimtub | |
” CopY available to DTIC c}.og.a?i:;o
permit folly 1~gibls TR
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1275 QEEP .
1259 INPUT "GIVE A NAME FOR THE PLOT FILE™ P_f1le$
1285  PBEEP
1290 IHPUT “INMPUT SIZE OF FILE BDAT® Sizel
1295 CROATE 8DAT P files Siceld
1320 ASSIGN 8PInt [0 ¢ _files
1205 BEEF
13190 INPUT “ENTER NUMBER 0OF DEFECTIVE TCS (@=DEFAULT® Idtc
1315 IF Tdtc=0 THEN
1328 Ldtcir@
1325 Ldtcl=@
1328 PRINT USING "16X,""No defective TCs e ist "
1325 END IF
1340 If ldtc=1 THEN
1345 BEEP
L1350 INPUT “ENTER DEFECTIVE TG LOCATION® Ldtc)
1356 PRINT USING “16X,°"TC 1s defective at location """ ,D"ildtc!
1360 Ludte2<0
1265 END IF
1370 1F ldtc=2 THEN
1275 BEEP
138@ INPUT “"ENTER DEFECTIVE 1C LOCATIONS® {dtct Ldtecl
1385 PRINT USING “16X,°"TC are defective at locations ~" D,4X D"ildtci Ldtc2
1390 END IF
1395 IF ldtc-2 THEN
140@ BEEP .
1405  PRINFER S 1
141@ BFEF
1415 FRIMI “INVALID ENTRY"
1420 FRINTER IS 7Q)
1428 GOTO 1208
1470 END IF
1435 QUTFUT @Filelstdtct Ldial
144@! Tm=) 2ption
1445 ELSE
1450 BFEP
1455 INPUF “GIUE THE NAME OF THF EXISTING DATA FILE™ .02 files
146@ PRINT USING 16X . "0ld file name: “* 14A° D2 _files
1485 ACTICH OF el TN 02 _f)les
1470 ENTER OF1lel iNrun
1475 ENTER RFitel:iDnld$
1400 BFEP
1485 THPUI “GIVE A NAME FOR PLOT FILE" P files
1499 BFEP
1495 IMPUT " INPUT SIZE OF FILE BDAT™ Si:el
1500 CREATE BONT P_files Syzeld
1805 ASSINN #Plgt TO P files
1518 PRINT USING "16X ““"This data set talen on : “° 14A" ;D31 dS
1618 CHIER ¥ ilelsl dtc) Lut-!
1S20  IF Ldtel & NR (dtcl A 1NN
1625 FRINT NSING 16X " “Thermoccuples were defactive at locatsons:™™ (30 ,4X)"
Ldtel Ldte2
1530 END IF
IR35  ENTER AF leliltt
1640 €MD IF
1545 PRIMIER [9 ¢
1550 IF Im=0 THEN
1555 PEER
1560 PRINF N3ING "4X ,“"Select tube tvoe™""
1665 FRINT USING “6X , “"0=Smoacth 4 1nch Ref” "~
157 PRINI USING “HY " ") coath 4 pach Cg (Fress Sliteds "
157G PRINT USING “6x ~"l:C.ft scluer 4 inch Oy "7
1630 FRINT USING 62,773 3.7t Scider 4 vt HIGH FLUX "
156G FRINT 4ySING “€x "“drlyalant Hard 8 1nch™""
1590 FRING OSING CEx TG HTSH FHi 8 acnt Tt
1595 FRINT USING "BY  ""6efFfWA K 19 F/yn*"~
160 INFUTE Bt
1605 IF 11t/ THrk
1510 BFEP
Y615 FRINT " [HUALID ENTRY
150 (010 1LRQ
1625 END I
IG20 QUIPHT AF glel i ftt
16.% EHD IF
1640 FRINIFR |5 701
1FAG  FRINT usIMe “tRY " Tuhe T,.pe: Tl
o C AT
90 Glable 1O pTiC ©
Cop¥ T 1agible 1P
. . o
crmit fully
.“o ‘.- .. ’a. . . . - " . ._'-‘ ..."-"-. .'-.‘ ‘..> o ..‘. ."'
o, N ial LAY A SRAY WY YRS SRRSO SO ) L NP SO, SR, SR, V. "N, L)
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E
1652 EFLP
1655 INPUT “ENTER QUTPUT VEASION (@=LONS 1 ~SHURT 2aNONE}" fov
16RO

16651 Ot «Drameter al thermeocnunie oositions

1670 DATA Q111125 0111125 .0111125,.01.9540,.012445,.0129540 ., .9100965
1675 READ Olal e}

16F@ Di=DlaCItt?

1685

1690! D2=Otameter of test section to the base of fins

1695 DATA .@IGE7S,.0165875,.016875..015824 .016R7S .. 015824 ,.01270

170@ READ Dlale) R

17958 DI=0latItt) .
1719 e
17151 Di=lnside rhameter of unenhanced ends PR
1720 DATA L2127,.0127, @127 . @152 . 0127 @132, .@111128 o B
1725 READ Dtals) - E
1720 Di=Diatltt) o
17351 .
17401 Oc=Qutside diameter of unenhanced ends .
1745  QATA Q15875 .Q16875..316875,.01G824 Q19875 ..0815824 .. 01279 B
175Q READ Doa(s)

1755 De=Deat Tt

1TEQ L
1765 L=Length of enhanced surface ! - 1-:
177@ DAIA 1016 1161016 .. 1016 ,,0032,.7@32, .22 .
1775 READ Lafe) - %
t7€8 L=tarltt}

1785

L]
1799 Lu=Length of unenhanced surface at the ends
1795 OATA . 0IS4, Q254 @264 ..0254 . .A762,.0762..0762
1800  READ Laate)
1805 tu=Luatlti?
1810
i81GI FYeurThermal Conductivity of tube
TAC0 DQATA 398 744 244 45 T44 35 44
1828 READ Vzuasle)
1879 FKcursKoualltt)
1829 A=PlsiDo 2-01 21/4
184Q P:FleDc
1845 =1
TECO  3.-0
1855 Svs@
196@ S.4-0
1865 €.y=0
1370 Pegest: !
1875 I Im=(* THEN
IRAQ On FEY 8,15 FFCOULR 1870
tROG  FRINTEOR IS
1590 PRINT OSIMA 34X " "SELECH APTIOM" "
1895 FRINT OSTHNG "6X - @=TAVE DATA®""
190Q  PRINT 1SING 6% “"1=3kT HEAT FLU¥"""
1905 PRINT HCINE "BX "“2sC¢E] Teat "
1910 FRINT USING “4¥ ""NOIE: vFfY @ < ESCAPF™""
'S REEP
Hie N S A LN A - B
1925 JF T4.+@ THFN 2495
1972
RIS LOOP 10 SET HEAE FLOY
1494@¢  5F Tde-1 Tuin
P3G GUIPYT 799 Ak AFRT ALGT UGSt
e ered
1RGP TR HIFR DESIRED Joc” Dado
196@  PRTHT o5IHE S 1x  DERTRED en ACTHAL Qulo™ " "
1S fre 1000
tTY FCR Tet Ty ]
175 ot i@, TAS GAC
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IR TR R AU A 10 C AN AP AR e N M g b

1968 Sum=9 e
1985 FOR Ju=) 1) 5

1990 ENIER 7d%E

1996  Sum=Sum+E

ce0R@  NEXT N

2005 [F I=1 THEN uolt=SumeS
201 IF I=2 THEN Amp<C

2015 NEXT I

2020 Aagdo=VUclt*Amp/(P]+02sL) i
7026 IF ABS(Aadn-Dado) Err THEN -l
2930 If Aadu Podp THEN

2@35 BFEP 4000..0

2040 PEEP 4000 .
2045 REEP 4000 ..
2eS@  ELSE

Q55 BEEP 2G50
060 FEEP IS0,
lenS BEEP 2S50@,.
207@ END IF _
2R7%  FRINT USING 4% MZ.30F ,2x MZ.30€":Nqdp .Aodo

Jese wAall 2

oens  ANTH 1970 K
te9e  ELSE
2095 REEP T
2180 PRINT USING "4% M7 M€ .J¥ MZ.IDE":Undo Aqdo ;

2105 Err=508 . i
2110 WALT 2 S
2116 ANT0 1970 :
J120 €nn iF
2125 END IF

LR

[FRON 21

21350 Loop 10 SET Tsat

2140  IF ldo~l THEN

2145 BEEP

2150  INPUT “ENTER (ESIRED Tsat .Dt1d

2165 PRINT USING "4 "* DTsat AT:at Rate Tv Rate" "~
2160 olar -0

2185 (1el=2

2170 OUTRUT 789:-AR AF33 ALIG VRS

2178 FOR L1 103

2182 Sum=0

2185 QUTIPHT 7@9:°AS SA”

2190 FOR Ja=V 10 2

2196 ENTER 709:ELia

2208 Sum=fumeElla

2005 NEYT Uy

2210 Elia-Snm/2

2216 Tid=FHIvsviFlin?

23 16 [=t THEH Arld=114d

2226 IF =2 THEN TueTld

2230 NEXE |

IF ARS(AL[d-Deldy .2 THEN

IF AL 0Otld THEN

PEEF 40900Q .. 7

BrEP 4000 .2

FEER 4000 ..2

(43
gELF 259
oFEP 260,
pLer con
Fo 1
Errl-atle 011

D)) et )

S2G feel2eT. 042

2I000 OLal~Ty
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a3te At 2

235 GOT0 2179

X290 ELSE

2205 1F ABSIAtld Dtld) . f THEN .

2338 IF At1d.DY1g THEN

2319 BEEP 39310 .1

2740 BEEP 3000 .2

2745 ELSE

2150 BFEP €00,.2

215 EFLP 00, .2

226@ END IF

2365 Errl=Atld-0ldl

. 2170 Otdi=Atid .

2 2375 Eerl-=Tv-0142 S

1180 JlalsTv o

2385 FRINT USING “4X ,5(MDN.DO.1X)"Dt1d, Atld Errl Tv Erre K

2390 whll 2 .
2295 ROTO 2170 -

: si00 EL3E

2405 BELEP

‘"

- 410 Ercl=Atig-0ldl -
- S415 Dhat=Atly .
_ 2420 Erel-Ty-G1a? ¢
2835 Clan-Ty
- 2470 FRINT USING “4X SiMDD. 0D 1= :0t14 Atld Erel Ty E-rl ; .
2425 WAIT 2 .

Za@ LOI0 2170
2145 END IF
2450 ENQ IV .
2455 EhD IF
SHRQ ERROR TRAF FOR Tdo T N RONNDS )
2465 IF Lo T THEN

2470 pEER S
2475 GATN 1P9Q
2490 Eno oIr
Mo N
2300 TAKE DATA IF TmeB LOOP -
2135 BFEP .

2790 IMPMT CENICR BULE O %7 Bon -
2GRS MIPLT 709y "AR AFIS AL IR URG® _'.'
2500 F0R L-1 1D g -
IRIS GUTFUT T29:AS SA
26520 Hum-d
1575 FOR Jusl 10 2
2870 CHTER 709:E
2S5 ZumsSam¢f LI
1549 MEST 1 .

2645 Emf(I)2Sum/2

TRe@ nedr g

2785 NUTPOT 7Q9, "8R AFK] Al KT URGT
IRE@ FOR () To T T N
2665 NNTEUT 789: A% SAC -
T Zum-

IR TR FES R T I
26680 ENTER TIYE
605 Sume tameR
R L S B Y

1RIG[F el THEM Ve Cam T
2ERQ [P -7 THEN Treiam. D :
B AL U R B :-.-
JEI10 YL F ;
SGES GHICR AF  {e " iBan Tolgf Emfiey U Ir g
I6I% Fun o tr :
TGS »
SHEAY CANCTRT amf 'S T TENE 00T TURREYT
66 it :
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264@ FOR [=t T0 12
2645 IF ldate d THEN
2650 IF I-Ldtc! OR I=Ldtcl THEN
2655 T([)=-99.99
2660 GOI0 2710
1665 ENN IF
2670 END IF
J6TS IF Ittt 4 THEN
2680 IF [>4 AND 1:9 THEN
26RS  T([1=-99.99
2690 GO0 2710
2E9S END IF
2700 END IF
27O T(iaFNTvav(EmflT )
2719 MEXT I
2716 IF Itt<4 THEN
2728 FOR T+ 10 4
PO IF l=sLatc) PR I=Ldtcl THEN
277 Twa~Tuwa
2775 ELSE
2740 TwasTwasN D)
2745 FND If
juton st T
275 Tua=lwas (4-Idtc?
2TB0 FILAF
276G FOR It f0 8
IE [={rtal DF {xidtel THINM
Twa=Twa
£
Tia=Tyatls
£un IF
HEer 1
Trua=TiartR lated
END IF
Tigq=7(3)
Tlge T80
Fuatotin
IF 1tt 2 1heEN
T1g7=-39.17
T o« 7C1@YeT 3]
END TF
TanmoTIT2Y
Amp sl
AL ]'»IIrl:S
tJitn L tefimg
IF Ttt-Q THFN
Fegef M cucTwal
£t SF
Koot sgat e
Enn IF
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DARR Tslaa G VDD DI T Db ouel)
235 Yhetab - M3
2R TF fhetab 0 THEN
SN  RRET
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TS P je.a@d [HEN SOT0 )RS
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I0°% Enn IF
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|
2973 Co=FNCotTtilm)
2375 Beta-FHBetaiTFfilm)
98Q Ni=Mu/Rho
297G Aloha=K (Rho¢Co)
c99¢ Fre=Ni/Alvha
299G PsatsFNPsat(T1d)
30008
30051 COMPUTE NATURAL-CONUVECTIUE HEAT-IRANSFER CNEFFICIENT
32100 FOR UNENHANCED END¢S)
3015 tibar=t49@
2QT0 Fe=(Hbar<F.(KcusA)) '  Setu
3025 Tanh=FNTanrh(Fe)
30290 Theta=Thetabelann/Fe
2035 ¥.«{9.F1+Petaethetabsly ieTann/iFesNi1sAlpha ) IG6BRT
304Q Yy (140 . 8E9,Pr ) (8716 (8:27)
3045 Hbarc=K/Deoet F#,387eX. /vy 2
3050 IF ARS({(Mba--Hbarc }/Hbarc) 001 THEW
2095  Hbar=(HharsHbare te.5
066 GOTO 3970
3QRS  ENO IF
~ QT
9751 COMPUTE HEAT 1OSS RATE THROUGH UNMENNANCED END(S?
INCQ  Ql=iHkharePskcusA) . GeThetahslanh
05 Neen-len)
7090 As=Pledlet [
ey
210@1 COMPUTE ACTUIAL HEAL FLYIX AND BOILINE COFFFICIENT
3105 Qdo=Qc’As
3110 Htuhe=fdo- Thetab
s
3120t PENNRD TIME OF DATA 1Ak ING
2125 1F Im=@ IHEN
120 MIFUT 0% 1D
3178 ENTER T@941utd%
31490 END )
31461
IS0 QUIFUST CATA [ PRINIFR
I1nG PRINIFR IS 700
1 1. @ iy
Frit
PHINT SING “10x ""Dato et Humber = “° DNO 2X . "“Bult Oul % = "* 00.0D,5% 1
Bot. ! 108
3178 FRINT
2100 FHINE USING “10¥ ,“°TC Ho: 2 z . 5 6 7
a~--
3185 PRINT DSEHG 138 ““femo 7" SUIX MPO.Q0 Tl T02) T3 10, T(SY ThE) Tt
70.1.8)
IO PROIHT I T HGY (T e tltad 11igal V.avr FPsat Tsump“ ™"
7195 PRINT USING " 1OX TCMOO.OD 1x) 1% MED.GO. 1,2 (% ,MOD.D0 ', 2% MOD.D*:Tws . Tid,
12, Ty Pear Tsumo
2202 PPINE HSING "10Y T° Thetab  Htube Qdp™ " "
320G FRINT USIHG “1@% MPO. 20 1% MZ.SDE (v M7 3003 Thetah Hiube Odo
1210 LD I
2215 IF Je.s) THEN
3223 [F =1 THEM
3228 PRI
22 FPIMT USIMG “10X " R Mo OplY% Tsat Hiube Q4o Thetab™ "~
1215 END N
129@  FRINT USING “17X 30 4x DD .2X MDD.OD. 301X MI.2DE1"3) Bop T1d Htube Qdo,Thet
oty
IF im @ THEN
REEP
Tl “OK [0 SIORE THTS ATA “ET (teg QN2 M
EHD I
IF M -1 OR (=1 THEN P14
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e IF Or=) AND [m=@8 THEHN OUTIPUT @F (leliBoo Tcld$ Emf{r) Vr Ir

-t

32680 IF im=! OR UV =1 THEN GUIFYT OPlot:Qdn Thetab

3285 IF Im=@ THEM

1290 HEEP

37695 INFUT “WILL THERE BE ANDIHER RUN (1=Y @=N)?" Go_on

1700 Nrun=J

2106 IF Go_cn' -1 THEN 3210

3219 IF Go_on=! THEM Repeat

3215 ELSE

3320 IF J:Nrunt) THEN Repest

3325 ENOD IF

3230 [F Im~@ THEN

3735 BLEP

334 FRINT USING "L@x "“HOIF: =~ .17 .,"" deta runs were storad 1n f1le “° 1@A WS-

1,02 file®

245 ASSIGH @F 1jet TO ¢

2258 QUTFUT 8FjleliMrun-t

3365 ASSIGN BFale) TO 0 _f.ie®

3260 EMIER OF 1 lettDate® { ftet ¢ dtcl Tt

23RS DUIPYT #Fp)el1Dates fotel ) dtel Ttt

3170 FOR [=) YO Nrun-l

T375 ENTER AFplelifirp Tolds Fmfter ur ir

17299 Ourpnt Af g jelsfeo Toldat fmfte) U ir

£5  NEYT I

3790 ASSICH Of (lel TO o

374945 pupce DUMMY

340Q END (F

1405 CRET

1410 PRINSG BGING T10X ,CUNOTE: 12 "7 X v pairs were stnred 1n plat data file
10A"14-i P_fres

2418 ANCICH @F je? T

2100 ASSIGH 8F ot 10 ¢

25 CAL Stats

7470 BFEF

3475 thul b LAE TO PLOT DATA (12Y @=NV?2"

3440 IF Ot >1 THFN

2445 CALL Plet

3459 EMD IF

3458 SHREND

34RO

24E51 CURCE FL1G OF FROPERTY FUNCTIONS

747@ DFF FMEcu(1)?

14751 OFHC COFPER %@ T0 Q¢ ¢

TIED  TH 1427319 it 1o

3407 Rra’d 1) 2ed}

2493 RETIRN K

7495  FHEMD

L0 PFF FHMuCT)

GRS 17 10 SRA K CURYE FIT OF wlscsily

351@  TE=1e273.15 1o

SIS My=f¥P(-3 4636+ (101 47 Th e} OF-3

IR0 PFIURN Mu

62 FNFHD

2GT@ CFF FMCp(T?

IGIGE PRG TH A0Q ¥ FHRUE f (1 OF Cp

3540 Tye1a 273006 eoIn ¥

164G UL - AB10R 1 RRARTE e VEOG1A94F -Rel) 2-R.GTASTIE-108eTL 3

2680 Lo-tos100@

3585 PETURN T

TRRA FNENN

“GRn BEF FHRbAcT)

e noner?ias T

ARSI Rl el <TH3. NG ¥ aa R

g Re h.I00E1.14RAIges ] S1HIG S1RATRa s 17 ATREMRex Gri 1149R7Bex 2
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3498
3600
3808
J6i@
1815
3820
16251
3620
3635
lg40
3545
3650
3855
3660
26BS
2570
7679
ere
3685
2590
3695
3700
708
1710
3715
100
372
3730
178
3740
1715
3750
3785
3760
3765
1770
bar i
17R0
3795
2790
37350
zee0
20068
ze10
2815
gle
1806
3870
mn
1840
145
1000
3865
LT
3965
1870
1Y
M
~nag
ALLT]
195
9090
ps
10
Ta1g
2924

FNEND

DEF FHPr( TV
Pr=FNCOCT)OFNMUt TY/FNK(T)
REIURN Pr

FMEND

DEF FNK(T)

T.360 ¥ WIIH T INC
¥=.071-.0002617
RETURN K

FNEND

OEF FNTanhiX)
PefxP(X)

Q=1/pR
TanhaiP-Q)/(P+Q)
RETURN Tanh

FNEND

OFF FNT . 5.(V)

com . Cos CUT) el

T=L(Q}

FOR [*1 10 7

T=rsCl 0y 1

NEXT

TF lcal=l THEN
1=7-6.7472934E-24To(9. A277AEIE-T -Ter - 9.3259917E-5))
ELSE !
TaT+8 G2689TE-2+To¢ 3. 76199K - 3-T45. 06R3C59E-6)

END IF

RETURN [

FMEND

QEF FHBRetal T
RepefNRho(T4, 1)

Ram=FtiRhot T-.1

Beteae J/(ReptRomI*{Ren-Romd /. 2
RFTURN Pets

FHEND

OFF FNIfilmd Tw, t1d?
Thrlme(TutTIgV’2

RETURN Ifiim

FHE N

(FF FHPsattTe)

@ T0 80 deg F CURVE FIT 0OF Paat
Thrl Qeles3

Paa§ Q4662S+TFo( ISISIOR L Ifott AREPIGIE-3¢1Fs3 §ISORTIE-§))

PQePa-14.7
If Pp @ THEN 1 +=PSIG,-*1n Hg

Psat=fg

€L7E

Paat-Pne29,90 14,7

B §F

RETHAN Osat

FHEmMn

SO B1nt

COM /Colys ACIA (@) COIQ) BG4 Nop . lornt .Opo Tlog
INTECER [

FRINTER 15

er(p

TMPUHT ) I¥E DFFAUL T UALHF FOR PYOT (ley QuN¥?7" [dv
BEEP

FRINT NGING "$% ""Satect Nglion:="°

FRINI USINE BY @ 0 versus delta-1"°°

PRINT USING "SX . *1 N ver aus deita 17"
FEIME USING "6X "2 b .ereps p'**

INPUT Apa

RFLF

HFD “CFLFCT UNETS (A-S] Jef UG 1SHI® lon
PRINTFR 15 705
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29’5 IF idv.>t THEN
J9za  BEEP
2918 INPUT “ENTER NUMBER NF CYGILES FOR X-AXIS™ .
3940 B@FEP
3945 INPUT “ENTER MUMBER OF CirLES FNR Y-AX1ST Cy
3ac@  PEEP
3955 [HPUT "ENTER MIN X-UALUE (MULTIPLE NF 19)° Xmin
3360 BFEP
3965  IMPUT “ENTFR MIN Y-UALUE ¢MUNLTIPLE OF 1) Ymin
3970 ELSE
- 39/5 IF Ooo=@ THEN
N 390Q Cy=3
o 3985 Cae3
- 399¢  xmine.)
3938 Ymins100
4000 END IF
4006 IF Den=t THEN
4010 Cy=3
46815 (.3
A28 Xmins |
< 4075 Ymin=100
: 400 £ND IF
4R35 IF Onpnal THEN
4040 Cv=3 i
404s  C.w?
4050 Amins |09
4055  Ymin=100
40FA  END TF
10RS  EMD (F
4070  PFEP
4075 PRINT “INtSPISTP 300 2700 8700 6000 °
40RO PRINT “SC @100 0 100 T1 2.
1005 St.-100/0.
4090 Sty 10/ Cy
4095 PRINT “PU @ 0 PO~
4100 Nn=9
A10%  FDR =) TN £t
4110 YatuxXmine{@ (-1
4115 IF T=r.v) THEN Nn=y
4128 FOR =1 10 tin
4178 IF I«) THFN PRINT 11 2 @
4170 IF 0= THEN FRINT “TL 1 @~
4175 Agccatel
414@ x| GT{Xa/Xmin)eSF.
4145 PRINT “PA"ix " 8y XT,"
4180 MEXY g
4155 MEXT T
4150 PRINT *PA 100 AyPU, "
4165 PRINT Py FA @ .0 PD"
4170 Mn=g§
4175 FOR [=t [0 e
$1RQ Yataymins 1@ (1-1)
1A% IF [(=Cyr1 TIEN Nnse)
4199 FOR Jat TN Nn
4195 IF T=1 THFM PRINT *T1 2 0"
4700 IF -0 MM FRINT (1 1 A
ARG rartate]
A210 Yot RT(va/Ymin eGfy
4215 FRINT “PA & *,¢ °YT*
4370 mEYT
4205 MFxT g
1770 PRINT “PA P 10Q T @ °
4775 tn:9
4240 FOR [at IN Cuaal
4745 Aat-Xminel@ (1-11
4TR@  IF Tef.a) THEM Nn=t
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4755 FNR Jel TO Nn

476@ IF J=1 THEN FRINT “Ti 0 2"

4265 IF JT1 THEN PRINT “TL @

427! Xa=Xate]

42785 XS GT(Xa/¥min)eSix

4288 FRINT “PA":1Y ° 100 XT*
- 4285 NFAT ]

4290 NEXT T

4295 FRINT °PA 100 100 Py PA 100 .0 PD"

4700 Nn=9

4305 FOR I=1 10 Cy¢)

1310 Yatsymine (@ {[-1}

4315 IF [«Cy+] THEN Nn=| B

43208 FOR J=t T0 Nn -

4325 IF J=t THFN PRINT °TL @ 2- -

4230 IF J»1 THEM FRINT “TL @& |°

335 Yasvate] -

4740 Y=l GT(YasYminieSfy .

4345 PRINT “PD FA 100, v /1" d

4759 NEXT J R

4255 NFXY [ IS S

4360 FPRINT “FA 1O} 180 PU A

45 rRINE "PA A -2 €R 1.5 (° . <

47270 =l GTi{Xmin) | -

4775 FNR (=1 TN C.4Y . .

4TRA  Xa=Xminel@ ([-1) e

4396 XL GT(Xa/Xmin)eSfx '

4290 PRINT “PA“;X ,“ @¢° ST

4395 IF Ji1>=0 THEN PRINT "CP -2 -2;1.B818«FR -2 Z:lR™eli:"" -

4400 IF 1i:@ THEN PRINT "CP -2 -ZiL8I1FR @ 2118 ¢110""

4405 Ti=l1#!

4410 NEXT 1

4415 PRINT “PY) PA 0 .0°

4420 Ti=LGTiYmin)

447G Yigr10

4170 FNR =1 TO Cy+!

4875 YaeYminelR (1-1)

4440 Y=LRT(Ya/Ymin)eSfy

4445 PRINT “PA B “,v "°

4450 PRINT “CP -4 - 251 BI10:FR -2 29LB 411 ""

4455 ti~f1+}

4460 NEXT I

4465 PRFEP

4479 THPDT CWANT USE DEFAUIT | ABFI G (t=y Q=N)?" 1dl

4475 IF Idic1 THEN

4480 RIEP

4495  [MPUT “F JICR <-LAREL" Ylahels

4490 gFEP

4495  [NPUT "ENTER /-1 ARFL ® V]ahel$

4500 END IF

4505 IF Nnn 2 TUFN

4510 PRINT SR | 1iPU PA 40 14"

4516 PRINT “IAI(TPR -1.6 3 I PR 1.2,80 PI:PR .5 -4 BuatPR .S 1s°

4670 FRINT "IR-T(PR .S -1l NeattFR .5 13"

4675 IF luns0 THFN

4510 PPINT “LRY (K)*®

4535 Fi°E

4G4@  FPINT “IRY (F

4645 FHD IF

4558 END IF

4665 [F Opas) THEN

45RQ  [F Tun=0 THEN

ACRG PRINT "CR LA DiPH PA A0 iy Pa (WemeSR D T PR Q.S 1RGSR |8 2P

.5 -1

4570 FLSF

4576 PRIMT “SR 1.5, 24PU PA 34 - 1411 Aq (RtushriPR .5, 541 8. +PR .G - 65"
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BaClaW NS SR e

4580
489S
4590
4598
4R00
4R0S

PRINT "LRFtsPR .5, 1tSR 1 ,1.6:¢1.B24SR 1.5,24PR .S -1slB "

END IF

END [F

IF Opos=@ THEN

IF lun=@ THEN

PRINT “SR 1.5,21P) PA -12 4001 O, ,tiLBa (W/miPR -1 ,0.5¢5R 1,1.5:LBYsSR |

JOPR 1, .58

4610
4615
4620
4625
4630
4635
4640
4645

ELSE

PRINT “SR 1.5,24PU PA -12,32;01 @,11L8q (Btus/br'PR -.5,.5iLB. PR .5,.5¢°
PRINT “LBFL(SR § 1 .S¢PR -1 . S:tB24PR 1 ,.5iSR 1.5 241B1"

END IF

END IF

IF Opo:® THEM

IF lun~@ THEN

PRINT "SR 1.5 ,2:PY PA ~12 38401 O,1:LBh (W/miPR -1, ,S¢SR },1.5:LO2:SR 1.

S,21PR .5,.5¢"

46550
4655
4660
4665
4679
4675
4620
4585
4590
4695
4700
470%
4710
4715
4720
e
4720
4735
47490
4745
4750
4755
4760
47€S
4770
4779
4780
4785
4790
4795
4800
4805
4810
4815
4820
4025
48730
4835
4840
4845
1150
4155
4860
4865
4970
487S
4880
455
4899
4895

(PR RPLIE P RPN

PRINT °tB.(PR .S 0:tPH "

ELSE

PREINT °SR 1.5,2:PU PA ~12,281010 0,1 1L.Bh (Btu/hr PR ~.5, . SilB. PR .5,.5¢"
PRINT “LBFt1PR -1,.5:5R |1 .SiLB21SR 1.5 2(FR .5,.5:LB.1PR .5, .5:L8F)"
END [F

END IF

1F 141+8 THEN

PRINT "SR 1.5 2/PU PA 5@ ,-16 CP* -1 EN(Xlabel$)/21 @ iLB" 1XlabelS¢""
PRINT “PA -14 .59 CP @, 1-{ENtYlabel$)/2¢5/8:1°01 Q,1sLB*1Viabels:" "
FRINT “CP @.0 OI"

END IF

1on=9
Repeat:!

X1l=1 E+6

Xule-1 E+6

len«Q

8EEP

INPUT "WAMT 0 PLOT DATA FROM A FILE (t=Y 0=N17° Ok
IF Ok=) THEN

BEEP

[NPUT “"ENTER THE NAME OF THE OATA FILE® O_files
ASSIGN OF le TO D_f1lc?

BEEP

REFP

INPUT "EMTER THE BEGINNING HUN NUMBER" Md

BEEP

INPUT “ENTER THE NUMBFR OF X-Y PAIRS STORED" ,Npairs
BEEP

THPUT “CONNECT DATA WITH LINE 1=y @=aN)?" [cl

BEEP

PRINTER IS 1

PRINT USING "4X ““Select & symbol:"""

PRIMT USING “6X,"°! Star 2 Plus sagn"""

FRINT USING °6%X.°°3 Circle 4 Square"**

PRINT USING "6X,""S Rombus™**

PRINT USING "BX,""6 Right-side-up triangle""
PRINT USIMNG "6X,""7 Up~side-down triangle”""

INPUT Sym

PRINTER 1S 70S

FRINT “PU DI°

1F Sym=l THEN PRINT “SHe"

IF Svmsl THEN PRINT “GM¢*

{F Svm=3 THEN PRINT "SMo~

1IF Md:| THEN

FOR {~=1 TO (Md-1)

ENTER OFi1lestYa Xa

HEXT I

END IF

FOR T+1 TN Npairs

ENTER OFileiva Xa
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4908 IF Opo=t THEN Ya=Ya/Xa
4905 IF Opo=2 1HEN

4918 0=va

4315 Ya=Ya/Xa

4920 Xa=ad

4925 END IF

4930 IF Xa<X]l THEN XlleXa
4935 IF Xa>Xul THEN Xul=Xas
4940 IF lune) THEN

494S IF 0po<2 THEN Xa~Xset.8
4958 IF Ooo:® THEN Ya~vas. |761
4955 [F Opo=@ THEN Yawvae.3i7
4960 IF Ooo=2 THEN Xa=Xas.317
4965 END IF

4370 X=LG6T(Xa/Amin)eSta

4975 Y=LG6T(Ya/Ymin)eSty

4980 IF Sym:3 THEN PRINI “Sm”
4985 [F Sym<4 THEN PRINT "SR 1.4 2.4°
4990 IF Icl=9 THEN

4995 PRINT “PA" X .Y, ~°

5000 ELSE
€005 PRINT *PA .X,r, *PO"

5018 END IF

S215 [F Sym.3 THEM PRINT "SR 1.2,1.6°

5020 IF Symea THEN FRINT -UC2.4,99,0,-8 ~4.0,0.8.4 01" |

SOIS IF Sym=5 THEN PRINT "ur3 .0,99,-3,-6,-3,6,3.6.3,-6¢"
5030 IF Sym=5 THEN PRINT “UC@ .5.3,99.3,-8,-6,0.3,8:"
S35  IF Svm=7 THEN FRINT “UCO®,-5.3,99,-3.8.6, 0.-3,-681"
5040 NEXT [

5045 PRIN( "PU*

5050 BEEP

SOS5 ASSIGN 9F,le 10 »

GOEQ  Xilexll/t.
S@65  Xul=Xuls).
So7@t 6010 8040
S@75 EMO IF
S@#3@ FRINT “PU SM*

5085 PEEP

5098 INFUT “WANT TO PLOT A POLYNOMIAL {(1eY B=N)?* Go_on
5095 [F Eo_con=) THEN

S100 BEFRP

5105 PRIMIFR 1S |

S11Q FRINT 1ISING "4X ""Selact line tvpe:"“"

SI1159 PRINT USING "GX @ Selid line™ "~

S128  PRINT USING "R "1 Nashed*"*

SI125 PRINT USING “G6X,°°C,,.S Longer line - dash™""
GiZ@ INPUT lpn

6125 FRINTER 15 705

5148 BREEP

S14S5  INFUT “SELECT (Q+LIN 14LOGtY Y1) 1lecg

§150 lIprnt=!

5185 CALL Pely

S16@ FOR x-+@ 70 G« STEP .,/ 000

SIES  XawXmine)@ v«

5178 IF xa X)) OR Yas>Xul THEN S200

5175 (rns=lcned

51PQ Pu=9

5195 IF Inn=) THEN 1dfsl:n M0D 2

S19@ IF Jon=2 THEN Irdf=jcn MOD 4

S195  IF lon=? THEN [dfefcn MO0 0

S20Q IF lon=4 THEM I4f=icn MOD 16

H2A5  IF loneS THEN [dfe[zn MOD T8

5210 IF [df=t HIEN Pu=|

G215 IF Opcd THEM YasfHPnly(Xa)

§2¢ IF Onoe2 AND [log=@ THEN va=Xa/FNFaly(Ya)

G225 [F Opo=2 AND [lug=l 'HFH ra<FNPolviXa)

ZX7]
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I 6230

- 5215
" 5240
- 5245
- 5250
‘- 5255
o s260
) 5265

' 5270
I 5275
o 5200
5285

o 5290
- 5295
o 5300
' 5305
s31e

. 315
ﬁ 5320
’ 5325

) 5330
o 5328
- 5330
o 5345
o 5350
: 5355
5360
5365
. 5379
5375

5380

5395

539¢

5298

5400

5405

5410

s415

5420

5425

G430

5425

G440

5449

5459

5455

5460

5465

5470

5475

5460

5485

S430

5495

5500

5505

rSig

S515

5520

5525

5530

€535

LT

5545

5550

5655

IF Qoos! THEN Ya=FMPc).\(Xa) Xa

[F Ya‘ymin THEN Sr0@

IF lun~t THEN

IF Ooo 2 THEMN xastasi.0

IF 000°0 THEN Yasvas. 761

IF Opo=@ THEN YaeYae. 317

IF Opo=2 THEN Xaexae. 317

END IF

Y=LG6T{Ya/Ymin)eS ity

X= 6T Xa,/ Xmin)eSFs

IF Y:Q THEN Y=

IF Y>1900 THEN GOTO S300

IF Pu~@ THEN FRINT “FA" X ,¥,°PU"

IF Pual THEN PRINT *PA" Y Y, "PU“

NEXT X-

PRINT “PU“

END IF

BEEP

INPUT “WANT TO OUIY Ctay @=N)* Iqt

IF Iaqt=1 THEN $33S

GOTO 4218

PRINT "PU) PA 9.0 SPo-

C1)BEND

DEF FHMsmooth(X Boo,lsat)

OIM ACS) B(S) ,C(S) ,DI(S)

DATA .20S06,.25322..319948,.55327,.79909 1.0a258
ONTA . 74515 ,,72992,.73199,.71225,.68472,.64197
DATA .41097 .17776..25142,.54006..81916,1.0845
DATA .71483,.72913, 77585, .696691 ,.665867,. 51889
READ ACe) Bls) Clo) Dio)

IF Boo<6 THEN [=Bup

IF Boo~E THEN le4

[F Bop=10 THEM [=5

IF Isat=) THEM

HseEXP(ALT )+B( 1)oLOG( X))

ELSE

Ha=EXPI(CIT)+D(110L0GIX )

EMD IF

RETURN Hs

FNEND

OEF FNPolv(X )

COM /Coly/ AL10,10),C(10),8(4) Nop,lornt ,0po,llog
Xlsx

Poly«B8(9@)

FOR I=1 [0 Nop

IF [log=1 THEN X1sL06(X)

Poly=Poly+8(1)sxi~1

HEXT I

IF Ilog=1 THEN Polvy=EXP(Paly)

REFURN Poly

FMEND

SUB Polv

orm R(IO),S(!O),Sy(IZ),S-*l:),'»(l@ﬂ),v»(looi
COM /Colys A(lO,lU),C(lO),ﬂ(l)_N,lornt,Ono,lleg
COM /X-vy/ Xn(%) Yo(5)

FOR [=0 T0 4

ft1)-0

NEXT

BEEP

INPUT “SELECY (@-FILE 1+ KEYBOARD ,2=PROGRAM}®  Im
Ine[m4y

QLEP

INFUT “ENTER NUMBER OF x-v PAIFRS® .No

IF Im=t THEN

BEEP

[MPUT “EMTER DATA FILE HANE® 0 file$
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; 5560 BEEP
- 5565 INPUT “LIKE TO EXCLUDE DAlA PAIRS (i)=Y @eN)?7* led
- 5572 IF led=! THEN
- . 5575 BEEP
. S58@ INPUT “ENTER NUMBER OF PAIRS TO BE EXCLUDED"  lper
- ‘ SS85 END IF
. . 5590 ASSIGN ®File TO O_f:les
. 5595 ELSE
I 5600 BEEP
5605 INPUT *WANT YO CREATE A DATA FILE (1=Y 0=N)?" ves
5610 IF Ves=l THEN
: 5615 BEEP
N SE2® INPUI “GIVE A NAME FOR DATA FILE",D_file$
. 5625 CREATE BDAT D_files S

. 5630 ASSIGN OFtle TO D _files
. 5635 END IF
- "648 €ENO IF
l 45 BEEP
5650 IMPUT "ENTFR THE ORDER QF POL (NOMIAL® N

; 5655 FOR [=@ 10 Ne2
. GE60 Sy(1!=Q
i SE6S  SA(13=0
- 557Q  MEXT [
- S67S IF led=! AND Ime! THEN

. 5620 FOR 1=l 10 foex
i SEET  ENTER @F lerx Y [
- €639 NEXT 1

5635 END IF
- 5700 FOR [=i T0 Mo
- §705 IF Imei THEN

710 IF Opo=2 THEW EMTER €F (le:X v
5718 IF Qoo’2 THEN ENTER OFsletY X
5720 IF Iloge) THEN
) BTI5  xtex/Y
G720 X=LOG(X)
5728 Y=LOG(Xt)
S718 EMD IF
§745 END IF
5750 IF Im=2 THEN
§755 EEEP
5768 INPUT “ENTER NEXT X-v FAIR® XY
§765 IF Yes=1 [HEN OUTPUT ®FilaX .Y
577@ EMD IF
S77S IF Im 3 THEN
GTR® X.([i=X
Q785  Yv([)eY
5790 ELSE
§795 Xs=xp(I-1)
y 5320 VYaYp(I-1)
y 5805 EMND IF
. 5810 R(@)~y
y SEIS Sy(@)eSy(R)+y
- SB2Q SU1)=X
ERIS S.{1)=Sy{])+x
5830 FOR I={ fO N
S835 R(JieR(J-1)sx
GA1@ 3y (I =Sy( JIeR(ID
6845 NEXT )
SRS FNR Jo2 10 Ne2
Q885 St J3sSeJ- 118X
G06Q T3 eS< ) IS0
€eET  MEX] J
5870 NEXT {
SHTS [F Yess! AND [m=2 THEN

] 5880 BEEP
6149¢  PRINI USING "12X D0 ,"" x-V pairs were stored 1n file " 1@A"iNp O _ftle$

- YT

L A
et s
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58990
589s
5900
5905
5910
8915
5920
$9I5
5929
5335
5940
5348
5950
G955
5960
5955
5970
§97%
5369
5985
539¢
$995
60220
0y
1214
6015
6020
6015
65030
5235

EFANCY="*

65040
£33
5050
6055
6060
5085
6070
6078
5090
5088
6099
65095
6100
6105
Brip
B1tS
651292
6175
6130
6125
65140
§145
6i50
§iSS
65160
6165
K170
6178
190
6185
6190
6195
g2@0
6205
6210

pemnn ully

END IF

5.-(Q)=No

FOR [=@ TO N

Ctl=SyiI)

FOR J=@ TO N

AL, 1mSa(14d)

NEXT J

NEXT 1

FOR [«@ 10 N-I

CALL Oividesl)

CALL Subtract(l+t)

NEAT 1

B(M)=C(N)'AIN N)

FOR [=@ TQ M-

B(N-1=T1~C(M-t=])

FOR J=g TO 1

BON-1-1)2B(N-1-1)~A(N-1-T N-J)sB(N~J!

NEXT J

B(N-1-1)"B{(N-1~1)/A{N-1-T H-1-1)

MEXT 1
IPRINTER 1S 701 .
FRINT B(*)
IPRINTER IS 705

IF lornt=0 THEN |
PRINT USING =12x,“"EXPOUFNT COFFFICLENT """

FOR 1=d TO N

FRINT USING "15X D0 .5X MD.7DE" 41 ,B(1)

NEXT 1

PRIMT = °

PRINT USING “12X.""DATA POINT X 4 Y(CALCULATED? DISCR

FOR [=1 10 Mo

Yc=8(@)

FOR J=t TO N

YeuvcB(J e a4

MNEXY }

D=yl 1) Ve

FRINT USING “15X,3D,4X 4(MD.SDE . 1X2" 31, Xx(F) Yy ), ve,D
HEX( 1

EMD IF

ASSIGN #F1le TO

SUBFMO

SUB Divide(M)

COM /Cgly/ AC10,10),C(10),0(4) N, fprnt Opo, llog

FOR 1*M TO N
Ao=Atl M}

FOR J=M TO N
AT, 1nll 3)r7he
MEXT ]

[ BEIAE S VLT
NEXT 1

SUBEMD

SUB Subtract(h)

COM /Colv/ ALYS 10) CLIQ) BLa) N [prnt Ooo, lleg
FOR 1-¥ 1O N

FOR Js¢-1 TO N

AUT Jy=Alk=1 J)=AC1 J) -
NEXT ] -_ﬂ
CtIyeC(l 13- Cely »':‘
nexr t Ry
SUBFND -,
SUB Flin .
cCoMm /Colvs AC1@,183,CC1@) B4) N larnt Opo.llog
COM /Xayy/ X.(S) Y4 (8)

PRINTER IS 7095

BEEP

C as~”
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§215 INPUT "GELECT (@=h/h@% same tube t=h(HF)/h(sm)" Irt
6220 BEEP
632 INFUT “WHICH Tsat (1=6.7,0=-2.2)" .Isat
6230 Xmin=0
B35 Xme»r=10
6240 Xstep=2
65245 IF Irt=@ THEN
6250 Ymin=®
6285 Tmar=).4
6360 Ysteo=.2
il65 ELSE
6270 Ymin=0
6275 Ymax=IS
6280 YsteosS
6785 END IF
6290 BEEP
§295 PRINT “1N:SP1¢1P 2300,2000,8300 ,6800:"
380 PRINT “SC 0,100,9,100:TL 2.0¢°
6305 Sf«=108/{Xmax-Xmin)
6210 Sfy+100/(Yma--Ymin)
631S PRINT "PU @.0 PO
632@ FOR Xa=Xmin TO Xma« STEP Xsteo
32 (e(Xa-Xmin}eSf-
6330 PRINT "PAi1X " .8y XT3~
6335 HEXT Xa . !
5340 PRINT "FA 100 ,0tPUs"
§345 PRINT "PU PA 3.0 POD”
5250 FOR Yasymin TQ Ymax STFP Ysteo
6355 Y=(Ya-Ymin)»*Sfy
5360 PRINT “PA @ .°:Y, "YT"
6385 MNEXT Ys
6370 PRINT "PA 0,100 TL 2 C2°
B35 FOR Xa=Xmin TQ Xma- STEP Xsteo
5380 Xwi{xa-Xmin)sGfe
BX3S  PRINT "PA“:X ", 108: XT°
6330 MEXT Xa
395 FRINT “PA 100,180 PU PA 100 @ PD”
6400 FOR Ya=Ymin T0 Yme. STEP Ysteo
6405 Y=(va-Ymin)eSfy
6410 FRINT "PO PA 100, ¥ °YT"
6415 HEXT va
6420 PRINT "PA 100,100 FU™
6425 PRINT "PA ©,-2 SR 1.5,2°
6470 FOR Xa=Xmin 10 Xmax STEP Xstep
B435 X-=ixa-Xmin)eSf.
6440 FRINT "PA":X " 0¢°
6445 PRINT "CP -2 ,-1iLB"iXa8y""
6458 NEXT xa
6455 PRINT “PU PA 0,0°
6460 FOR Yanymin 10 Ymax STEP Ysteo
6465 IF ABS{va) 1.E-5 THEN Ya=0
5470 Y=(Ya-¥Ymin)eSfy
6475 PRINT “PA Q, 7Y *°
6480 PRINT “CP -4 -.IG54LB"iva1""
B4ES NEAT Y3
6490 Xlabel$="0:l Percent”
6495 [F Irt=Q THEM
6500 YlabelSs b h(%"
6505 ELSE
651@ VYlabelS="h /hamooth®
6515 END IF
652 PRINT "SR 1.S5.2«PU PA SP -10 CP™ 1 ~-LERIlabal$) /21 @il B :X1abel$:s ™"
652 FRINT “PA -11 50 CP @ "1-LEN(Ylabeli$)/ 256,701 @, 1itB tYlabels:™"
#5630 FRINT “CP @ @°
6535 lon=d
f549 BECP
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§545 INPUT “WANT TO PLOT DATA FROM A FILE (1sY 9=N)?" Qko -
6550 Icn=@ e
6555 IF Olp=1 THEN -
6560 BEEP -
6565 INPUT “ENTER THE NAME OF THE DATA FILE" ,D_files

6570 B8EeP

6S7S INPUT “SELECT (@=LINEAR, 1=t06(X Y)* Ilog

6580 ASSIGN OFi1le TO D_files

6585 BEEP

6530 INPUT “ENTER THE BEGINNING RUN NUMBER® Md

6595 BEEP

6600 INPUT “ENTCR THE NUMBER OF X-Y PAIRS STORED® Npairs

66@5 BEEP

661@ [INPUT "ENTER DESIRED HEAT FLUX® 0

6615 BEEP

6620 PRINTER IS |

6825 PRINT USING “4X ““Select a symbol:""*

683@ PRINT USING "4X,°"1 Star 2 Plus sign"""

6635 PRINT USIMG "4X,"*3 Circle 4 Square**"

6640 PRINT USING "4X,°"5 Rombus™°"

6645 PRINT USING "4X,""6 Right-side-up triangle”"*

685@ PRINT USING °4X,""7 Up-side-down triangle*””

6655 INPUT Sym

666@ PRINTER IS 70S

6665 PRINT *PU DI° |
6670 IF Sym=1 THEN PRINT ~GMe" -

6675 IF Sym=2 THEN PRINT “"SM+"”

6680 IF Syme3 THEN PRINT *SMa®

6685 Nn-4

6699 [F [loge=t THEN Nna)

6695 IF Md ! THEN

6700 FOR [=t T0 (M4-t1)

67QS ENTER €FilerXa,¥s

8718 NExT [

6715 END IF

5729 0ts«0 -
672 IF tliog~! THEN 0=L06(Q)

67I0 FOR I=i TD Npairs . "
6725 EMTER OF1leixa B(s) -
6742 Ya=8(0)
5745 FOR k=1 T0 HNn .
6750 Ya-va4B(K):0°K e
6755 NEXT ¥ A
6760 IF llog=! THEN Ya=EXP(va) .
6765 IF [log~® THEN Ya=Ql/Ya
§770 IF I[rt=@ lHEN

775 IF Xa=@ THEN -
5780 Yo=Ya a
68735 VYasi

6730 ELSE

6795 VYa=va/Yo -
6800 ENO IF :

6805 ELSE -t
6818 Hsm=FNHsmooth( 0 ,Xa, [sat) .
6815 Yasvs/Ham

6828 END IF -
6835 X.(]-1)=Xa

G8IB Yy([-1)=Ya

6835 Xa(xa-xmin)eSf«

6B4Q Y=(Ya-Ymin)sSfy

6B4S IF Sym-3 THEN PRINT "“SN" -
ROESD IF Sym- 4 THEM FRINT "SR 1.4 2.4" -
68SS  FRINF "PA* X v "° -
6860 IF Sym.3 THEN PRINT "SR 1.2.1.8"

6665 IF Sym=4 THEN PRINT “UC2,4.399 0 ,-8.-4.0,0, 6 4.0 "
6870 IF Sym=5 YHEM PRINT "UC3 @ 99 -3 -5 -36,3.6.3.-6:" 2

1 i3 ) 3 T;-.‘—C do‘;‘\ pa b
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6875 IF Sym=§ THEN PRINT °UC@,5.3,99,3,-8,-5.0,3,8:"
6880 IF Sym=7 THEN PRINT *UCQ,-5.3,99,-3,8.6,0,-3,-8:"
6885 NEXT I

5090 BEEP

6895 ASSIGN @File TO

63900 END [F

6905 PRINT “PU SM*

5910 BEEP

6315 IMPUT *WANT TD PLOT A POLYNOMIAL (1=Y QsN)?" Otp R
6920 IF Oko=t THEN '

5925 BEEP T
6930 INPUT "SELECT (@=L INEAR,I=LOG(X ,Y))" [log -
65935 {ornt=! S
6940 CALL Poly ) :
694S FOR xa=Xmin TO Xmax STEP xsten/lS
6958 lcn=lgn+l

6955 vax=FNPolyi{Xa)
° 696@ Y=(Ya-Ymin)eSfy

BIES  Xe(Xa-Amin)sSlfx - j
6970 IF v-@ THEN Y=9 R
6975 1f ¢ 100 THEN GOTO 7925 . O
£980 Pu<@ . o
6385 [F lon=! THEN [dfslcn MOD 2 .
§39@0 IF lon=2 THEN Idfelcn MOD 4 f o
6995 IF lon=3 THEN Idf=Icn MCD 8 e
7008 IF lon=4 THEN Idfelcn MOD 16 -
7005 IF lon=S THEM ldf<icn MOD 32

701@ IF ldf=t THEN Pust

7015 [F Pyu=@ THEN PRINT °PA* X Y “FD"
702@  IF Pue( THEN PRINT *PA" X v "PU°
7825 NEX1 Ya

703@ PRINT *PU"

7035 Ipnelgn+i

7040 €OTO 6540

7045 END IF

7050 BEEP

7055 INPUT “WANT TO QUIT (I=y @=N)?* [quit
706@ IF Iquit=i THEN 79070

7065 6GNTO 6540

707Q PRINY “PU SPO°

7075 SUBREMD

7080 SUA Stats

7085 PRINTER 1S 701

7090 J+@

7095 K=@

7180 BEEP

7105  INPUT “PLOT FILE TO ANALYZE?" File$
7118 ASSIGN OFite TO Miles

7115  BEEP

7129 INFUT “LAST RUN No?(8-9QUIT)" Nn
7125 IF Nn=@ THEN 7305

7130 HNn~Nn-J

7135 Sv~@

TH4Q SyveQd

7145 S5:+0

715@ S.3+9

7155 Svs=d

7168 S:a=@

7165 FOR =1 TO Nn

70 =it

7175 ENTER 0F:le:Q.T

TIRQ H=Qs 1
7185 $s+§.+0
7190 S-$5.5+Q"
7195 SyeSysT
7200 SyseSysef7

r
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7208

7219 Sz3+SzatH"2 [
7015 NEXT 1

7229 Dave=Sx/Nn .
7228 Tave=Sy/Nn ol

7230 Hava=Sz/Nn

7235 Sdevq=SOR{ABS(({NNnsS.-5-5x 2/ (Nne(Nn-1)))) . *
724@ Sdevt=SQR(ABS((NneSys~-Sy 2}/ (Nne(HNn~1))}) - -

7245 Sdevh=SOR(ABS((NneS:3-52 2)/(Nne(Nn-11))) .

725@ She10@+Sdevh Have o 1
255 S0=100+Sdeva/Qave R
726@ St=100sSdevt/Tave . -

7265 §F K« THEN 7295 -

727@ PRINT

7275 PRINT USING “11X,"“DATA FILE: " [ 14A":F1les '

7280 PRINT

7285 PRINT USING " 11X, ""RUN Htube SdevH  0Odp SdevQ  Thetsb Sdevl®”

7290 K=!

7295 PRINT USING *11X ,00,2¢2x ,0.30E,1x,30.20),2X,00.30,1X,30.20"1J Have ,Sh Qave

,50,Tave St

7300 GNTO 7H1S

7385 ASSIGN @Filel TO «

7318 PRINTER 1S -

7315 SUBEND

7320 SuB Coef

7325 COM /Cpiv/ AL10,18) .C(18) B(4) N, Iprnt,Qo0,(log

770 PBLEP ’

7335 [NPUT °GIVE A NAME FOR CROSS-PLOT FILE® .Cof$

7340 CREATE BDAT Cofs .2

7345 ASSIGN €File TO Cof$

7350 BLEP

7365 JHPUT “SELECT (@i INEAR 1= UGtX ,Y))" Ilog

7360 BEEP

7365 INPUT “ENIER OIL PERCENT (-1eSTNP)" Bop

737@ IF Bop @ THEN 7330

737S CALL Poly

7360 OQUTPUT ©F1lesBop B(#)

7385 GOT0 7360

7330 ASSIGN OFile TO »

7335 SUBEND

Copy available to DTIC does not
permit fully legible reproduction
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a5 volt
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k outputs.

The
below wa
roller o
comnands
actual p
progran
debuggin

10 Let 1A
15 Let 2
20 Print
30 If(Q=
40 Print
50 Let A
60 Print

------------------

ARPENDIX C
CONPUTER~CONTROLLED VALVE PROGRAM

computer-controlled valve was controlled by an
Systems SYS-2A microcontroller. The SYS-2A is a
computer system on a single card and requires only
supply for operation. The S¥S-2A has provisions for
volt A/D data inputs and 8 high curreant digital
The card was configured as shwon in Table 4 below.

TABLE &4
Configuration of SYS-2A 1/0 Channels

In?ut Channel Puyrpose

3%A10 = 8 Valve _position

%710 = 9 Liquid R-114 Temperature

OutBut Channel Purgose

o%$A0 Shut Valve Relay i0=stop,1=shut
23201 Open Valve Relay (0O=stop, 1=open
proportional-integral-derivative control progran
s written in NSC "tiny BASIC." The SY¥S-2A amicrocont-

ferator's manual includes an appendix of tiny EASIC
« Remarks are provided below that were not in the
rogram (to minimize execution time) for clarity. The
was stored in EEPROM added to the card after program
g was complete.

=15:Let B=5:let C=10:Let F=0:Let I=0 1Initialize
$A00=0:Let 2#A01=0 Stop Valve
"Set Constants (1=Y,0=N)?":Input Q

0) then GOTO 60

"A,B,C,G?":Input H,J,.K,L

=H:Let B=J:Let C=K:Let G=L

"Input Desired Temp(—-1=Engd) ":Input R Enter Temp
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70 Let 2#A10=9:Delay 2:let M=16*3#A11+3#112/16 Read Chanpel 9
80 Let @#A10=8:Delay 2:Let P=16*2#A11+2#A12/16 Read Channel 8
90 Print"Temp=",M,"Pos=",P

100
200
210
220
230
240
250
260
262
264
266
268
270
300
310
400
410
420
430
440
450
460
465
470
480
490
500
510
520
530
540
600

If(R<0)then GOTO 800 Exit Prograam
Let 2#210=8:Delay 2:Let P=16*2#A11+3#A12/16 Read Channpel 8
Let S=0 Ave 10 Readings
For N=1 to 10 Step 1

Let 2%A10=9:Delay 2:Let M=16*0#A11¢2#212/16 Read Temp

let E=M-R:let S=S+E Error;average
Next N

let E=S:let D=S-F:lLet F=E Error;Derivative
If(E<0)then I=I-1 Integral
I£(E>0) then I=I+1 Integral
I£(I<~31000) then I=-31000 Binary Limit
I£({1>31000) then I=31000 Binary Limit
Print"M=",M,"E=",E,"D=", D, "I=", 1

If(E<-1000)then GOTO 600 Control Band
I£(E>2000) then GOTO 700 Control Band
Let V= (E/A)+ (B*D)+(1/C) PID Value
Priant®"v=n,vV "ET=",E/A,"DT=",B%*D,"IT=",1/C Debug Tool
I£(v>0) then GOTO 500 Above Desired
Let V=V*[-1)*G Shut Faster
I£(V<1) then V=1 Check

I£(v>1040) then V=0 Delay Function limited 1-1040 entry

If£(P<150)then V=15 Slow Valve near end of travel
I£f(P<50)then V=10

I£f{P<20)then GOTO 200 End of Travel Liamit

Let 2#200=1:Delay(V):Let 2#A00=0 Shut Variable Time
GOTO 200

I£(P<2500)then GOTO 200 End of Travel Limit

I£f(v<1)then V=1 Check

I£(V>1040) then V=0 Delay Function limited 1-1040 entry
Let a#A01=1:Delay(V):Let 2#A01=0 Open Variable Tiae
GOTO 200

I£(P<20)then GOTO 200 End of Travel Limit
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610 Print"600 Loop™ Out of Bound Warning

620 let V=0 Max valve shutting speed

630 I£(P<250)then V=50 Slow near end of travel limit : »
640 If(P<150)then V=15
645 If(P<50)then V=10 T
650 Let a#200=1:Delay(V):Let 2#A00=0 Shut Valve Fully o
660 Let a#A10=8:Delay 2:Let P=16+%3#A11+3#412/16 Read Channel 8 ’
670 GOTO 600 S
700 If(P>2500) then GOTO 200 End of Travel Limit
710 Print®"700 loop" Out of Bound Warning -
720 Let 3#A01=1:Delay O:Let 2#101=1 Open Valve Fully
730 Let 2#A10=8:Delay 2:Let P=16*a#A11+3#212/16 Read Channel 8 N
740 GOTO 700
800 END e
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APPENDIX D
EXASPLES OF REPRESENTATIVE DATA RONS

The two printouts below are samples of the output of
DRP2. The first printout (WH79) is for the smooth tube at
high heat flux with 0 percent oil. The second printout
(BP101) is for the High Flux tube under similiar conditions.

- Month, date and time :03:25:!0!02:!8.

NOTE: Pragram name : ORP2
Disk number = @2
0ld file name: WH79
This data set takenm on : 02:10:12:50:1S5

Tube Type: 4
Data Set Number = I Bulk Qil X = Q.0 02:10:13:16:18
TC No: | 2 3 4 H ] 7 8
Tema : 16.42 14.59 14.§1 15.00 14.67 4.9t 16.79 14.78
Twa Tlied Tliad2 Tvaeor Psat Tsumo
1§.23 -2.268 -2.20 -.63 -6.31 -17.7
Thatab Htube Qdo
16.935 S5.704E+#03 9.560E+04
Data Set Number = 2 Bulk 0il Z =« 0.0 02:10:13:19:35
TC No: I 2 3 4 S 5 7 -]
Temo : 16.40 14.6@ 14.54 14.93 14.52 14.74 16.69 14.87
Twa Tliad Tliad2 Tvaor Psat' Tsumgo
IS.18 -2.27 -2.10 ~1.44 -6.32 -t7.1
Thetab Htube Odp
16.866 S5.74SE+@3 9.689E+04
Data Set Number = 3 Bulk Otl ¥ = 0.0 02:10:13:19:58
TC No: | 2 3 4 s 6 7 8

&
Temo : 16.48 14.56 14.52 14.95 14.50 14.87 16.52 14.67
Twe Tligd Tliad2 Tvepr Psat Tsumo
18,12 -2.27 -2.13  -1.51 -6.32 -17.0
Thetab Htube Qdo
16.840 5.760€+@3 9.701E+04
NOTE: @3 X-Y cairs were stored in plot data file PWH79

DATA FILE:PWHTY

RUN Htube SdevH  Qdo SdevQ@ Thetad SdevT
3 S.736E+03 .51 9.883E+04 .22 16.880 .29
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Month, date and time :03:25:10:03:26

NOTE: Program name : DRP2
Disk number = @2
01d file name: HFIO1Y
This data seat taken on : 02:16:19:086:52
Tube Type: S

Data Set Number = } Bulk 0il X = 2.0 02:16:19:31:02
TC No: ] 2 3 4 5 6 7 8

Temp : §.62 2.63 3.76 4.57 3.93 4.52 1.3 4.17
Twa Tliqd Tliqd2 Tvapr Psat Tsump

4.55 -2.14 -1.87 .37 -6.20 ~i5.7

Thetab Htube Qdn

3.370 2.801E+04 J.440E+04
Data Set Number = 2 Bulk 0il X = 0.0 92:16:19:31:16
TC No: 1 2 3 4 5 3 7 8

Temp : §.54 2.65 3.76 4.57 3.93 4.83 1.3 4,18
Tua Tliqd Tliqd2 Tvapr Psat Tsump

4.56 -2.14 -1.90 .32 -6.20 -1S.6
Thatab Htube Qdp
3.379 2.792E+04 9.433E+04
Data Set Number = 3 Bulk Ot1 X = 0.0 02:16:19:31:27
TC No: ! 2 3 4 S 6 ? 8

Temp : 5.86 2.83 3.76 4.57 3,93 4,53 7.3 417
Tua Tliad Tliad2 Tvapr Psat Tsumo
4.56 -2.14 -1.9 .26 -8.20 -18.§5
Thetab Htube Qdo
3.369 2.807€+04 9.456E+04
NOTE: Q3 X-Y pairs were stored in plot data file PHF10@I

DATA FILE:PHF1Q!

RUN Htube SdevH  Odo Sdev0 Thetab SdevT
3 2.000£+04 .27 9.443E+04 12 3.373 .16
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APPENDIX B
ONCERTAINTY ANALYSIS

The uncertainty of the heat-transfer coefficient at 37
kW/m2 and 5 kW/m2 of runs WH79 and HF101 are analyzed below.
The analysis is based on the Kline-McClintock [Ref. 28)
method of uncertainty analysis.

The heat-transfer coefficient is:

h=_ 9c (E.1)
!wo - Tsat
and f
7 - - T, - QC n (DZ/DI) - E.Z
T, = Tgar = Tvi —t Teae ( )
where

h = heat-transfer coefficient
g, = heat flux corrected for end losses
Tuwo = average outer wall temperature
Tyt = Saturation teaperature
T4 = average inner wall temperature

Q. = heat input corrected for end losses

- D, = outer wall diameter of tube E?
- D; = inner wvall diameter of tube 2
F‘I k = thermal conductivity of wall B
- 1 = length of heated surface ;

let

- Q &n (D2/D1)
F T 7KL (E.3)
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. According to Kline and dcClintock, the uncertainty in the
: heat-transfer coefficient is:
;
[}
;: sh sa.\ 2 3 2
: Sha /8%y & $Twi + (E.4)
I h qc Two - Tsat
2 21 12

E SF + STsat
[wo = Tsat wo ~ Tsat
; by neglecting the errcr from the logarithmic tera, because
; it is swmall compared to the other terms, the uncertainty of
N the Fourier term (F) can be estimated as:
i 50 2 2 2 |1/2
. §F = F c) +(Sk ) +(SL (E.S)
- Qe k L
::: and
Oc = q¢ 7 Dy L (E.6)
: which has an uncertainty of
4
. 2 2 2 1/2
- 80 8 &n
3 _35 = 9c + 2 (5L (E.7) 7
N c 9 Dy L -
, B
B Table 5 lists the various terms of egjuations (E.1) through =
E (B.7) assuming all 8 wall thermocouples are used to get the 'j
?j average wall teamperature Twi' The data-reduction prcgranm R
‘ (DRP2) wused this method to calculate the heat-transfer R
_ T
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TABLE 5 -
Uncertainty Analysis Terams Using 8 Thermocouples

: File WHT9 WHT9 HF101 HF101
- Heat Flux 37 kW/a2 5 kW/m2 37 kW/m2 S kW/m?
- §0¢
B e 0.007 0.009 0.006 0.007.
| sk
o " 0.15 0.15 0.33 0.33
-~ 5L
al — 0.0005 0.0005 0.0005 0.0005
A, F term (°C) 0.201 0.024 1.316 0.170
b §F (°C) 0.030 0.004 0.434 0.056
S T . (o) 11.46 5.63 0.79 -1.43
~ W1l
a T (°C) -2.21 -2.23 -2.21 -2.18
sat
GTwi
—r 0.032 0.073 0.290 0. 126
wOo
ol ,r___._“ 0.002 0.0005 0.259 0.097
wo ~ Tsat
&rsat
0.003 0.008 0.015 0.019
‘ Two - Tsat
. . |
3 —:“i 0.003 0.007 0.008 0.003
Cc
Sh
- 0.032 0.074 0.389 0. 160
b h (4/@2 K) 2660 540 22300 8400
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coefficient. Table 6 lists the same terms assuming only the

center 4 wall thermocouples (2, 3, 5, and 6) are used to
n calculate the heat-transfer coefficient. Comparing Tables S
: and 6 shows the effect of the axial and circumferential wvall
temperature distributions on the uncertainty of the
. heat-transfer coefficient.
h The constraining error of the smooth tube is the uncer-
- tainty in the wall temperature. Removing the effect of the
‘ axial wall temperatue distribution reduces the uncertainty
by 1 percent. The large wall superheat of the saocoth tube
contributes to the small magnitude of the uncertainty teras.
The constraining error of the High FPlux tube is also the
uncertainty in the wall temperature, but the uncertainty of
the thermal conductivity (part of the F term) is about the
same pagnitude an results in the larger overall uncertainty
of the High Plux data. The small wall superheats of the
High Flux tube also amplify the magnitudes of uncertairnty
terms. Removing the effect of the axial wall temperature
distribution makes the uncertainty in the thermal conduc-
tivity of the copper-nickel High Flux tube the constraining
uncertainty. The axial temperature distribution is respon-
sible for about 25 percent of the wall uncertainty term, but
again the combined effect of the uncertainty of the thermal
conductivity, and 1lov wall superheats, does not @make it
vholely responsible for the large uncertainty of the High
Flux data. More accurate data could be obtained om the High
Flux surface by using a solid copper tube without a large

uncertainty in the wall resistance or an axial wall ﬁ{a
temperature variation. :
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TABLE 6
Uncertainty Analysis Terms Using Ceater & Thermocouples

File WHT9 RHT79 HF101 HF101
Beat Flux 37 kW/m?2 S kW/m2 37 kW/m2 S kW/m2
i
ac T 0.007 0.009 0.006 0.007
' sk
- 0.15 0.15 0.33 0.33
Ei 5L
s — 0.0005 0.0005 0.0005 0.0005
F tera (°C) 0.201 0.024 1.316 0.170
§F (°C) 0.030 0.008 0.434 0.056
T . (°C) 11.34 5.80 0.44 ~1.49
Wl
sat .
GTwi
o 0.015 0.063 0.213 0.097
wo
§F 0.002 0.0004 0.325 0.108
Too - Tsat ) i ' )
STsat 0.003 0.008 0.019 0.021
|-:wo = Tsat
f%i 0.003 0.007 0.008 0.003
[o4
sh :
- 0.016 0.064 0.389 0. 146
h (W/m2 K) 2690 530 27800 9280
- 9
1
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